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This thesis presents results of our micro-Raman studies of mechanically activated 
ferroelectrics, PbTiO3 & SrBi2Ta2O9, and advanced magnetic materials, CoFe2O4 & CrO2. 
The mechanical activation process of amorphous Pb-Ti-O precursor was studied. 
The crystallization of PbTiO3 (PT) phase could be triggered by milling alone if the 
milling time is longer than 20 h. These PT crystallites introduced by room-temperature 
mechanical activation process act as seeds, dramatically reducing the activation energy 
and enhance the crystallization kinetics, during the subsequent formation of perovskite 
PT by post-annealing. Consequently, the PT phase formation temperature is lowered and 
the metastable phase which is often observed in the conventional solid state reaction is 
bypassed. The size effect on the structural phase transition is also discussed. 
The size effect on the ferroelectric phase in the SrBi2Ta2O9 (SBT) nanoparticles 
was studied by high temperature micro-Raman scattering. The SBT ultrafine particles 
were formed by mechanical activation of mixed oxides followed by post-calcination. The 
results show that the phase transition temperatures of SBT nanoparticles decrease with 
the reduction of particle sizes. A critical size of 2.6 nm, below which ferroelectricity 
disappears, was obtained from an empirical expression. This small critical size implies 
that SBT is a potential candidate for formation of ferroelectric devices of untrafine size. 
The micro-Raman investigation of cation migration and magnetic ordering in 
spinel CoFe2O4 powder were carried out. A marked increase of line widths of T-site and 
O-site Raman peaks was observed when the ambient temperature was at around 390 K. 
Considering the cation migration model and previous work, we attribute this anomaly to 
 vi
the enhancement of disorder at sub-lattices induced by the cation migration. Room-
temperature magnetic micro-Raman scattering was also performed to study the spinel 
CoFe2O4 powder. The red-shift of Raman peaks indicates the magnetic ordering induced 
by the external magnetic field. 
Finally, we discuss the study of laser annealing effect and magnetic Raman 
scattering on the rod-shaped half-metallic CrO2 nanoparticles. Using laser annealing, we 
decomposed CrO2 powder into Cr2O3 which could dramatically enhance the tunneling 
magnetoresisitance (TMR) of CrO2 as a tunneling barrier. By controlling the laser 
irradiation duration and power, the relative fraction of CrO2 and Cr2O3 was controlled 
and this phase control was successfully realized in selective microregions when a 
microscope was employed. The magnetic micro-Raman results that the Eg mode of CrO2 
powder shows pronounced anomalies upon applying external magnetic field indicate the 
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1.1 General introduction 
Raman scattering is the inelastic scattering of light, which originates from the 
interaction of the electromagnetic radiation with atomic vibrations in molecules and 
solids. In the scattering processes the incident photon gains or loses energy 
corresponding to differences in the vibrational energy levels of the molecules or 
phonon energy in a solid. These energies are unique for each material and can be used 
for its characterization. Raman spectroscopy has brought significant contributions to 
the advances in solid state science since Raman effect was observed in 1928 [1.1-1.6]. 
Now Raman spectroscopy, expected for material identification, is recognized as a 
powerful and versatile tool for analyzing presence of stress, crystalline disorder, 
defects, crystallographic axis orientation and chemical composition as well as for 
investigating elementary excitations such as phonons, electrons, polarons, plasmons 
magnons, etc. [1.6]. 
Raman spectroscopy has several fundamental advantages such as being non-
destructive, non-contact, not requiring special sample preparation, etc. The invention 
of lasers which have replaced the traditionally-used high pressure mercury lamps as 
excitation sources in 1960’s and the evolution of Raman instruments have strongly 
contributed to the development of the Raman spectroscopy. 
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Attention has been paid to the size effects in solids long time ago. However, 
these studies have acquired greater impetus only in last decade, mainly due to the 
development of thin films and nanoscale materials. It is quite natural that the structure 
and properties of crystallite with finite size exhibit deviations from those of bulk 
ceramics or single crystals because long-range translational symmetry breaks and 
long-range Coulomb force plays an important role. The size effect in the ferroelectrics 
has always been one of the most attractive topics and has extensively been studied 
from both experimental and theoretical points of view [1.7-1.12]. As the ferroelectric 
device elements become smaller and smaller with dimensions in the submicrometer 
range or even lower, the properties become size dependent and the grain size effect 
should be taken into consideration. The Curie temperature, polarization, coercive 
field, switching speed, etc., all depend on the film thickness and grain size. As a 
useful probe, Raman scattering has widely been used to study the size effects in 
ferroelectrics [1.8-1.10, 1.12]. 
High temperature Raman spectroscopy has proved itself as a very effective 
tool for characterization of physical properties of solids. One of most successful and 
unique applications of high temperature micro-Raman scattering is monitoring the 
ferroelectric phase transitions [1.13-1.16]. As it is well-known, ferroelectrics undergo 
change from paraelectric to ferroelectric phase when the ambient temperature is 
lowered below the phase transition temperature (Tc), accompanied by a structure 
phase transition or lattice distortion. Some of the Raman modes are very sensitive to 
these structural variations. High temperature Raman spectroscopy has also been 
widely used to study the interaction between the elementary excitations, such as spin-
phonon [1.17-1.19], electron-phonon [1.20-1.23], and magnon-phonon coupling 
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[1.24], since such interactions could be strengthened or weakened with temperature 
variation. One of the challenges to the high temperature Raman scattering 
investigation of magnetism-lattice interaction in magnetic materials is the 
temperature-induced anharmonic effect which makes Raman mode behavior more 
complicated. Thus, the room-temperature magnetic micro-Raman spectroscopy is 
alternative technique for study of the magnetic properties, especially the coupling 
between phonon and magnetic excitons of magnetic materials [1.25-1.28]. 
Mechanical activation is a high-energy milling process for the production of 
composite powders with fine, controlled microstructure [1.29]. The process proceeded 
by repeated fracturing, welding and rewelding among powder particles during the 
ball-powder-ball and ball-powder-container collisions [1.30]. A deep insight into the 
mechanical activation process requires understanding of energy transfer, although it 
can be conceptually simplified into two elemental actions, through which energy is 
transferred from the milling media to the milled powder compositions: collision and 
attrition [1.31]. These energy transfer processes promote the network strains, atomic 
diffusion, temperature and pressure rises that are associated with the mechanical 
activation phenomena. 
Since the discovery of mechanical alloying, the scope of mechanochemical 
processes has widened enormously to include the formation of various kinds of 
materials from metallic to non-metallic [1.32]: amorphous alloys [1.33], rare earth 
permanent magnets [1.34], chemical reduction of metal oxides [1.35-1.40], 
intermetallic compounds [1.41]. In the early 1990’s, mechanical activation for 
synthesis of functional ceramics, such as carbides, silicides [1.42], nitrides [1.43], and 
zironias [1.44] was attempted. In recent years, the exciting breakthrough in 
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mechanical activation was the successful synthesis of a wide range of Pb-based 
ferroelectrics by a single step of mechanical activation at room temperature [1.45-
1.47]. The conventional method to synthesize PbTiO3 (PT) is solid state reaction from 
starting oxide powders. The formation temperature is above 800oC. Such high 
temperature causes several problems, such as toxicity and non-stoichiometry due to 
the evaporation of PbO. However, the crystalline PT phase can be formed by 
mechanical activation process at room temperature [1.48]. Thus, the study of 
mechanical activation effects on the formation of PT would contribute to the 
experimental and theoretical research of the synthesis of Pb-based ferroelectrics. 
My Ph.D project is focused on micro-Raman studies of mechanically activated 
ferroelectrics and advanced magnetic materials such as PbTiO3, SrBi2Ta2O9, CoFe2O4 
and CrO2 powders. 
 
1.2 Organization of the thesis 
This thesis is organized as follows. 
In Chapter 2, we describe the development of mechanical activation process 
and introduce the phenomena of mechanical activation such as refinement in 
crystallite size, creation of structural defects, phase transformations, crystallization 
from amorphous state, chemical reactions and synthesis of nanostructures. 
Mechanical activation was developed as a dry, high-energy ball milling process for 
the production of composite powders with controlled, extremely fine microstructure. 
The process was commercialized to produce Oxide Dispersion Strengthened (ODS) 
superalloys, nanocrystalline metal/alloy powders and nanosized ferrite-based 
magnetic materials. 
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In Chapter 3, Raman scattering is introduced and explained by classical and 
quantum theory, respectively. Elementary excitations in solids induce fluctuations in 
electric susceptibility and thus Raman scattering. Raman scattering intensity can be 
expressed by polarizations of incident and scattered light, and Raman tensor reflecting 
symmetry of the corresponding Raman-active phonon modes in solids. 
The synthesis of lead titanate nanoparticles from an amorphous precursor by 
mechanical activation is presented in Chapter 4. The size effect on the structural 
transition and unit cell volume is also discussed. The amorphous Pb-Ti-O precursor 
was formed by the co-precipitation method and subsequently subjected to a 
mechanical activation process with various periods at room temperature. The phase of 
the samples, mechanically activated for various durations (0 ~ 30 h), was analyzed by 
X-ray diffraction (XRD), micro-Raman scattering and high-resolution transmission 
electron microscopy (HRTEM), while the morphology of those samples was studied 
by atomic force microscopy (AFM). The results show that the crystalline unltrafine 
PbTiO3 particles can be formed by mechanical activation at room temperature and 
there are two stages in this mechanical activation process: (i) size reduction of the 
constituent starting materials in a shorter milling time and (ii) formation of PbTiO3 
crystallites for a longer milling time. Raman spectra and XRD pattern of the samples 
with various sizes also provide evidence for a size-dependent structural transition, i.e. 
changing the structure from pseudo-cubic to tetragonal with increasing particle size 
from 11 nm to 27 nm. 
Chapter 5 presents a study of mechanical activation induced seeding effects on 
the formation of perovskite PbTiO3 (PT). As extension to the work described in 
Chapter 4, the samples with various mechanical activation periods (0 ~ 30 h) were 
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annealed at different temperatures (325oC ~ 475oC) for various durations (5 ~ 20 h) at 
each temperature. Formation of a crystalline metastable phase in the amorphous 
matrix was observed during the phase transformation from the amorphous precursor 
to the perovskite PT, but this metastable phase was bypassed in the formation of PT 
starting with the 30 hour-milled sample. By comparing the difference between these 
two kinds of starting samples we attributed this direct formation of PT to the 
formation of PT crystallites during room-temperature mechanical activation process. 
These crystallites act as seeds, dramatically reducing the activation energy and 
enhancing the crystallization kinetics, during annealing. Consequently, the PT phase 
formation temperature is lowered. 
In Chapter 6, the high temperature micro-Raman scattering is used to 
investigate the size effect on the ferroelectric phase transition in SrBi2Ta2O9 (SBT) 
nanoparticles. The nanometer-sized crystalline SBT particles were formed by 
mechanical activation process followed by post-annealing at different temperatures. 
With the aid of Scherrer’s equation, the particle sizes were determined from the XRD 
data. The ferroelectric phase transition temperatures of the SBT nanoparticles were 
derived from the high temperature Raman spectra and subsequent calculation. The 
results show that the phase transition temperatures dramatically decrease when the 
particle size is less than 20 nm. A critical size of 2.6 nm, below which the 
ferroelectricity disappears, was also obtained from an empirical expression. This 
small critical size implies that SBT is a potential candidate for creation of ferroelectric 
devices of ultrasmall size. 
In Chapter 7, we report results on micro-Raman investigation of cation 
migration and magnetic ordering in spinel CoFe2O4 powder. The formation of 
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uniaxial anisotropy during magnetic annealing of spinel CoFe2O4 has been 
successfully studied theoretically. One of the most acceptable models is the ion 
migration model which assumes that Co ions migrate from octahedral site (O-site) to 
tetrahedral site (T-site) while Fe ions migrate from T-site to O-site. Unlike Mössbauer 
spectroscopy which has a poor resolution caused by the severe overlapping of the T-
site and O-site peak, Raman spectrum of CoFe2O4 shows completely separated peaks 
corresponding to T-site and O-site, respectively. A marked increase in line widths of 
T-site and O-site peaks was observed when the ambient temperature was increased to 
around 390 K and attributed to enhancement of disorder of T-site and O-site sub-
lattices, induced by the cation migration. Room-temperature magnetic micro-Raman 
scattering was also performed to study the spinel CoFe2O4 powder. The red-shift of 
Raman peaks indicates the magnetic ordering enhanced by the external magnetic 
field. 
In chapter 8 are discussed the laser annealing effect and magnetic Raman 
scattering of rod-shaped half-metallic CrO2 nanoparticles. Using laser annealing, we 
decomposed CrO2 powder into Cr2O3, which could dramatically enhance the tunneling 
magnetoresisitance (TMR) of CrO2 as a tunneling barrier. By controlling the laser 
irradiation duration and power, the relative fractions of CrO2 and Cr2O3 could be 
controlled and this phase control was successfully applied to selective microregions 
using a microscope attachment. We also used magnetic micro-Raman spectroscopy to 
investigate the CrO2 powder at room temperature. The Eg mode of CrO2 powder 
shows pronounced anomalies upon applying external magnetic field, and these 
anomalies of Raman phonon parameters were attributed to the spin-phonon coupling 
induced by magnetic field-enhanced magnetic ordering. 
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The mechanical treatment of solids by grinding and comminution of boulders 
and stones in order to reduce them to smaller sizes dates back to the beginning of 
civilization. Any chemical reactions that occurred as a consequence of the mechanical 
treatment were then attributed to the heat generated in the process. A corresponding 
change in chemical reactivity was also sometimes realized after treatment and was 
considered to result from the increase in exposed surface areas of the particles [2.1]. 
However, it has recently been realized that the chemical processes that occur due to 
mechanical treatment of solids are much more specific and versatile than that 
previously thought and now this became an independent field of chemical science 
known as mechanochemistry. 
Conventional chemical syntheses of materials can involve several steps to 
convert the starting materials to the final products. Much energy is consumed in 
melting, evaporation and dissolution of raw materials. These multi-step processes are 
also obviously time-consuming. In addition, many liquideous and gaseous phases are 
involved either during processing or as by-products, which has significant impact on 
the environment [2.2]. Using “dry” technologies, involving reactions and 
compositions in the solid state, would eliminate these problems. 
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Mechanochemistry was defined as “a branch of chemistry dealing with 
chemical reactions and physico-chemical transformations of substances, in all states 
of aggregation due to the influence of mechanical energy” [2.3]. Two common 
processes associated with mechanochemistry are mechanical alloying (for elemental 
crystalline powders) and mechanical activation (for crystalline compounds). Both 
processes can also trigger amorphization in materials due to the accumulation of point 
and lattice defects that raise the free energy of the defected material above that of an 
amorphous state [2.4, 2.5]. 
Mechanical alloying was developed originally in the 1960’s by Benjamin [2.6] 
as a dry, high-energy ball milling process for the production of composite metal 
powders with controlled, extremely fine microstructure and also to alloy two normally 
non-wetting metals [2.7]. A device capable of generating high-energy impact forces, 
such as the attrition mill, vibrating ball mill and shake mill, is usually employed in 
mechanical alloying. The process was commercialized to produce Oxide Dispersion 
Strengthened (ODS) superalloys, nanocrystalline metal/alloy powders and nanosized 
ferrite-based magnetic materials [2.8, 2.9]. 
Many of the solid-state reactions triggered during mechanical treatment are 
still not clearly understood. In general, the reactions are limited by the contact area 
among reactants in the initial step and by the transfer processes occurring in the 
reaction layers [2.2]. Mechanochemical processes are differentiated from the 
conventional chemical reactions in that the reactions in the former are triggered at 
localized regions [2.10]. 
Mechanical activation-triggered reactions can be initiated by the distortion of 
crystal structure as a result of plastic deformation, shear and accumulation of defects 
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at the surfaces of contacting solids [2.1, 2.2]. If however the particle size of contacting 
components is much larger than the length scale of defect layer, the physico-chemical 
properties of the system may not be changed significantly. On the other hand, during 
the hyperfine grinding where the brittle-ductile transition of solids is reached, the 
length scales of particle size and defect layers may be comparable. Thus, upon 
significant refinement in particle and crystallite sizes, extensive mixing and 
amorphization, an activation-triggered chemical reaction zone can occur at the contact 
areas and result in nucleation and subsequent growth of new crystalline phases [2.11]. 
For materials synthesis, mechanical activation gives rise to a number of 
interesting phenomena, including refinement in crystallite size [2.12-2.16], creation of 
structural defects [2.17-2.19], phase transformations [2.20, 2.13, 2.21], and 
crystallization from an amorphous state and chemical reactions [2.12, 2.22-2.24]. 
 
2.2 Effects of mechanical activation 
 
2.2.1 Refinement in crystallite size 
The reduction of crystallite size to a few nanometers in the powdered materials 
by mechanical alloying was initially observed in alloys [2.12] as well as in ceramics 
[2.13]. Fecht et al [2.14] proposed that during mechanical activation, the formation of 
shear bands, which are considered to consist of a dense network of dislocations, 
becomes the dominant deformation mechanism. The deformation is localized in the 
shear bands with a thickness up to 1 µm. In the initial stage of mechanical activation, 
as the dislocation density increases, the average level of strain also rises, until a 
certain dislocation density within these heavily strained regions is obtained. The 
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crystal then breaks up into subgrains which are initially separated by low-angle grain 
boundaries. Prolonged mechanical activation time leads to the dominant deformation 
occurring in the shear bands located in previously unstrained parts of the material. 
Further fragmentation occurs in the subgrains and eventually, a nanocrystalline 
microstructure with randomly-oriented grains separated by high angle grain 
boundaries is resulted. Further refinement can only be accomplished by grain 
boundary sliding. Yavari [2.15] further suggested that the grain refinement 
mechanism ceases to operate at a critical grain size of , where  is the theoretical 
distance between two mutually repulsive neighboring edge dislocation that the applied 
stress can impose. However, empirical values in the range of 5 to 20 nm obtained for 
the materials subjected to high energy deformation are actually higher than the 
theoretical values due to simultaneous grain growth resulting in a “steady-state” grain 
size [2.15]. In other words, mechanical activation produces nanocrystalline grain sizes 
not by cluster assembly but by the structural decomposition of coarser-grained 
structures as a result of heavy plastic deformation [2.16]. 
cr2 cr
 
2.2.2 Creation of structural defects 
Shen et. al [2.17] noted that dislocations, twins and stacking faults, which are 
typical types of defects in polycrystalline materials, also existed in nanocrystalline Si 
prepared by high energy ball milling of polycrystalline Si. The atomic disorder caused 
by high-energy activation was argued to be the main source of energy storage during 
the process [2.18]. Also, by changing the intensity of mechanical activation, various 
forms of disorder such as structural, compositional and morphological, can be 
achieved [2.19]. The accumulation of non-equilibrium defects enhances the reactivity 
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of materials in two ways: by improving the static conditions or by lowering the 
activation energy of chemical reaction. One example is the amorphization induced by 
mechanochemical processes of crystalline compounds. Bakker et al. [2.18] also 
suggested that the mechanical energy introduced to an intermetallic material is stored 
in the form of atomic defects. 
 
2.2.3 Phase transformations 
Mechanical activation can induce converse phase transformation, i.e. 
crystallization from an amorphous state [2.12, 2.22-2.24], which will be discussed in 
detail in the next section. Structural transformations induced by mechanical activation 
have been found in a large number of oxides [2.13, 2.20]. For example, Michael et al. 
[2.13, 2.20] reported in two separate studies phase transitions of ZrO2 from the 
monoclinic to cubic [2.20] and from monoclinic to tetragonal structure [2.13], both 
induced by mechanical alloying. Bokhonov et al. [2.21] reported an additional type of 
high energy induced milling structural transition, where the Frank-Kasper cubic 
Mg32(Al, Zn)49 phase was transformed into a quasicrystalline phase. The phase 
transformation proceeds via the nucleation of iscosahedral phase due to defects and 
lattice disordering. Subsequently, the iscosahedral nuclei grow in a manner similar to 
that in a solid state topochemical reaction. 
 
2.2.4 Crystallization from an amorphous state 
Trudeau et al. [2.22] were the first to study milling-induced crystallization 
using amorphous Fe powder. They observed that amorphous Fe powder crystallizes 
after 24 hours of milling. Addition of Co increases the crystallization rate, whereas 
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adding Ni stabilizes the amorphous phase. They thus suggested that chemical 
composition is an important factor in the crystallization process triggered by high 
energy milling. In another study, Trudea [2.23] concluded that the mechanism 
controlling the milling-induced crystallization process is either the local increase of 
atomic mobility or the occurrence of some precrystallized structures in the material. 
In an investigation of amorphous Al-based alloys, Chen et. al [2.24] revealed that 
nanocrystallites of 7-10 nm in size within the shear bands coexist with a completely 
amorphous phase. They proposed that large permanent strain within the shear bands 
induced crystallization during the high energy ball milling. Under a high level of 
stress, the atoms within the shear bands are displaced locally into thermodynamically 
stable positions, giving rise to the formation of nanocrystals. In a further investigation 
of amorphous Fe powders, Giri [2.12] suggested that high energy activation produces 
some chemical segregation that locally destabilizes the amorphous alloy, leading to an 
localized crystallization. Recently, Xue et al. [2.25] successfully synthesized 
perovskite nanocrystallites of PZT phase in an amorphous coprecipitated precursor. 
The activation-derived PZT powder consists of rounded particles of ~ 30-50 nm, 
which can be sintered to a high density > 97%. 
 
2.3 Mechanical activation in synthesis of nanocrystals 
The complex nature and the high rates involved have precluded a detailed 
understanding of the exact mechanisms behind most of the activation-triggered 
reactions and they are thus less investigated than their thermally activated reactions. 
In conventional solid state reactions, the formation of one or more product phases 
separates the reactant species [2.26]. Diffusion of the reactants through the product 
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phase is thus the limiting factor for the reaction, and hence a high temperature is 
needed to achieve acceptable reaction kinetics. In contrast, mechanical activation 
starts with the refinement of particle sizes, continually regenerated through repeated 
fracturing and rewelding [2.19, 2.26]. Consequently, a reaction, if any, in mechanical 
activation does not require a high temperature. 
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Chapter 3 
Basics of Raman Scattering 
 
3.1 Introduction 
Raman scattering has been discovered in 1928 by C. V. Raman [3.1]. In his 
experiment, a change of frequency between the incident light and scattered light has 
been observed. This effect originating from inelastic light scattering by molecular 
vibration had been predicted theoretically in 1923 by Smekal [3.2], therefore 
sometimes referred as Smekal-Raman effect. Landsberg and Mandelstam [3.3] have 
observed the same effect independently and simultaneously. Thus, in Russian 
literature the effect is often referred as “combinational scattering”. It has soon been 
realized that the newly discovered effect could be an excellent tool for study 
excitations of molecules, molecular structures and solids. At present, Raman 
spectroscopy has extensive applications in structural chemistry, biology and medicine, 
solid state physics, as well as in the industrial field. 
 
3.2 Phenomena of Raman scattering 
Raman scattering is one of processes resulting from the interaction of radiation 
with matter. A number of optical phenomena takes place when electromagnetic 
radiation is illuminating a sample. In addition to the reflectance, transmission or/and 
absorption, it usually gives rise to light scattering. There are two parts in this scattered 
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light. The main part of the scattered light, called Rayleigh Scattering, has the same 
frequency as the incident light. The remaining part is called Raman scattering. Raman 
scattering, which is very weak (~10-8 of the incident radiation) and has frequencies 
different from that of the incident light, as it originates from an inelastic scattering 
process. Raman scattering bands occur at both, higher (called anti-Stokes) and lower 
(called Stokes) frequencies with respect to the incident light frequency iν . 
Lommel [3.4] developed the theory of light scattering before its discovery. He 
predicted that the scattered radiation should contain shifted frequencies, equaling to 
the sum and the difference of the incident radiation frequency and the oscillator 
eigenfrequency of the matter. By analyzing the quantum transitions in atoms excited 
by photons of frequency of iν , Smekal [3.2] showed that the scattered radiation 
should contain the frequencies hEvi /∆± , where E∆  is the energy difference 
between the corresponding states and h  is the Plank’s constant. Although these 
theoretical predictions had no direct relation to the actual discovery of Raman 
scattering, they are helpful for the understanding of Raman scattering mechanism and 
for the interpretation of Raman scattering phenomena. 
 
3.3 Classical model of Raman scattering 
From the point of view of classical physics, Raman scattering is due to the 
forced oscillations of the dipole moments in molecules and solids induced by the 
electromagnetic field of the incident light wave [3.5-3.12]. A sinusoidal polarization 
could be induced as: 
tPtP io πν2cos)( =       (3.1) 
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when a plane sinusoidal electromagnetic field which is described by 
 tEtE io πν2cos)( =       (3.2) 
propagates in a dielectric medium. Here  is the amplitude and is the frequency of 
the incident electromagnetic field, respectively. The amplitude  in Eq. 3.1 in a 
linear medium is given by 
oE iv
oP
 oo EP α=        (3.3) 
where α  is the polarizability of the medium. For a medium with an isotropic response 
to the incident field, the polarizability α  is a scalar, which depends on the frequency. 
In the general case, α  is a second-rank tensor (electric susceptibility tensor), and Eq. 
3.3 can be written as 

















































At a finite temperature, α  is a function of atomic displacements. Normally the 
amplitudes of these displacements at room temperature are small compared to the 
lattice constant, thus polarizability α can be written in the form of component ρσα  
and expanded as a Taylor series in : )(tQµ


























∂=   (3.6) 
and  is the atomic displacement corresponding to the )(tQµ µ th mode of vibrations. 
In Eq. (3.5), the first term  denotes the static electric susceptibility, while the 0ρσα
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second and the higher-order terms represent oscillating susceptibility induced by the 
lattice or molecular vibrations. 
 The following equation (Eq. 3.7) describes the atomic displacements  
associated with a phonon as a function of the normal coordinates: 
)(tQµ
       (3.7) tvQtQ µµµ π2cos)( 0=
where  and  are the polarization amplitude and frequency of the phonon 
respectively. Hence, the polarization  of the medium can be expressed by 


























































where  is the component of the polarization that changes 
in phase with the incident radiation, which corresponds to the Rayleigh scattering, and 
the remaining terms belongs to , which describes the polarization dipole 
induced by the phonon vibrations.  consists of sinusoidal waves with 
oscillating frequencies different from that of incident light, referred to first-order 
 and second-order 
∑=
σ





)( µvvi ± )( 'µµ vvvi ±±  Raman scattering.  and  
are called first-order and second-order Raman tensor respectively. 
µρσα )( 0 '0 )( µµρσα
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The first order Raman scattering involves the processes of creation (Stokes 
process, ) and annihilation (anti-Stokes process, ) of one 
phonon. The second-order Raman scattering results from the induced polarizations 
whose frequencies are shifted from the exciting light frequency by the amount 
, representing two phonon processes. Raman spectra are usually plots of 
the intensity of the scattered radiation as a function of frequency shift (Raman 
frequency). Eq. (3.8) also shows an important fact that Raman scattering only occurs 
in the condition that the derivative of polarizability with respect to the vibration must 
not be zero, i.e. 
µvvv is −= µvvv iSanti +=−





















     (3.9) 
 
3.4 Quantum model of Raman scattering 
In quantum theory, Raman scattering is considered as an inelastic collision 
process in which a quantum of the incident radiation is annihilated or a quantum of 
the scattered radiation is created with creation (Stokes process) or annihilation (anti-
Stokes process) of a phonon. According to quantum theory, radiation is emitted or 
absorbed as result of a system making a downward or upward transition between two 
discrete energy levels and the radiation itself is also quantized. 
Figure 3.1 shows the schematic diagram of the quantum theory description of 
Raman scattering. The concept of virtual levels was introduced by Born and Huang  
 
 25















n = 2 
n = 1 
n = 0 
Rayleigh Stokes Anti-Stokes 
[3.13] to distinguish the difference between Raman and fluorescence processes. The 
virtual states are usually intermediate states between the ground and first excited state 
of the system. 
The vibrational energy of a molecule or a phonon mode is quantized as: 
)
2
1( +⋅= nhvE nn       (3.10) 
where  is the Plank’s constant,  is the classical normal frequency of vibration of 
the molecule and n  is the vibrational quantum number governing the energy of a 
particular vibration and having integer values of 0, 1, 2, 3,…etc. 
h nv
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 In Raman scattering process, the system is excited by absorbing a photon and 
goes back to a lower energy level by emitting a photon. The Rayleigh scattering arises 
from transitions which start and end at the same vibrational energy level. Stokes 
Raman scattering arises from transitions which start at the ground energy state and 
finish at a higher energy level, whereas anti-Stokes Raman scattering involves a 
transition from a higher to a lower level. The Raman frequency shift correponds to the 
difference in energy between the vibrational levels or to phonon energy. Thus, Raman 
frequency shift is an inherent characteristics of the material and is independent of the 
incident radiation. 
 According to quantum mechanics, only those transitions involving  
are allowed for a harmonic oscillator. If the vibration is anharmonic, however, 





3.5 Raman tensor and selection rules 
The scattering efficiency η can be defined as the ratio of the energy of 
electromagnetic waves scattered into unit solid angle per unit time per unit frequency 
interval divided by the energy of incident electromagnetic wave crossing the 













αωη     (3.11) 
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where  is the penetration depth and V  is the scattering volume of the sample.  










∂=       (3.12) 
the scattered intensity  is proportional to  sI
 2sis eReI ⋅⋅∝       (3.13) 
where R  is known as the Raman tensor. If we neglect the slight difference in 
frequency between the incident and scattered radiation, the Raman tensor is 
symmetric [3.16]. In an orthogonal co-ordinate system related to the symmetry 
elements of the molecule or solid, the Raman tensor contains both zero and non-zero 
elements. This means that for a given scattering configuration (orientation of incident 
and scattered polarization with respect to the crystallographic axes) one may have 
zero scattering intensity, while for other scattering configuration the intensity will be 
non-zero. This allows for a material with known crystallographic orientation to 
determine the symmetry of phonon modes and vice versa, for a material with known 
Raman spectra, one can determine the crystallographic orientation. 
 The Raman tensors for Raman allowed vibrations are determined by the 
crystal (molecule) symmetry and are well known for all space and point groups. The 
symmetry of the corresponding Raman-active phonons can be deduced by measuring 
the dependence of the scattering intensity on the scattering configuration. Hence 
Raman scattering can be used to determine both the frequency and symmetry of a 
zone-centre phonon mode. The justification of the participation of only zone-centre 
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phonons ( 0≈phononqr ) in the first order scattering can also be refined by the 
momentum selection rules as: 
 phononis qKK
rrr ±= ;  aKK is <<
rr
,    (3.14) 
 As a result of the symmetries of the medium and the vibrational modes 
involved in the scattering, the scattered radiation vanishes for certain choice of the 
polarizations  and  and scattering geometries. The so-called Raman selection 
rules are very useful for determining the symmetry of Raman-active phonons. 
ie se
 The Raman spectroscopy is also an efficient tool for the study of structural 
disorder, including the dynamical one. The first-order Raman phonon spectrum of a 
nominally perfect crystal consists of series of narrow lines, which correspond to 
Raman-allowed zone-center (Γ-point) phonon modes and obey definite polarization 
selection rules. The Raman scattering selection rules imposed by the crystal symmetry 
do not apply in the opposite limit case of amorphous material. The Raman spectrum 
in this case roughly reflects the one-phonon density of states of the crystalline form of 
the same material [3.17-3.19]. Compared to the Raman spectra of undistorted 
materials one may expect such effects of partial disorder: (i) broadening of some or all 
first-order Raman lines, (ii) activation in the Raman spectrum of otherwise forbidden 
phonon modes, and (iii) the appearance of additional broad Raman bands of phonon 
density-of-state origin. 
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Lead Titanate Ultrafine Particles from Amorphous Pb-Ti-O 
Precursor by Mechanical Activation 
 
4.1 Introduction 
Lead Titanate, PbTiO3 (PT), discovered way back in 1950, is a classical 
ferroelectric with excellent dielectric, pyroelectric and piezoelectric properties, which 
make PT a good candidate material for a number of demanding applications, such as 
in sensors, capacitors and piezoelectric actuators. PbTiO3 belongs to the perovskite 
group of compounds. As shown in Fig. 4.1, above Curie temperature ( ), 
PT exhibits paraelectric phase with a cubic structure (
KTc 763=
nmcba 396.0=== ). 
Below , the spontaneous polarization ( ) is established with structure 
transforming from cubic to tetragonal (
cT sP
nmba 3899.0== and nmc 4153.0=  at room 
temperature). The spontaneous polarization can be reversed by applying an external 
electric field. PT has the highest tetragonal distortion ( 063.1/ ≈ac  ) among all 
members of the perovskite family. Since the spontaneous polarization scales with the 
tetragonal distortion in this class of compounds, the estimated value of 
( ) is the highest among the ferroelectric perovskites. [4.1]. Interest in 
this system is growing rapidly because the high dielectric constant can be utilized in 
dynamic random access memories, whereas its capacity for being polarized in 
direction makes it an attractive candidate for non-volatile random access memories. 
sP 2/81 cmCµ≈
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Fig. 4.1 (a) The crystal structure of PbTiO3. Above the Curie temperature, the 
structure is cubic with Pb2+ ions at the corners, O2- ions at the face centres and a Ti4+ 
ion at the body centre. (b) Below the Curie temperature, the structure deformed with 
Pb2+ and Ti4+ ions displaced relative to the O2- ions, thereby developing a dipole 
moment. 
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The synthesis of PT attracted great interest because of the above properties. 
The conventional method is solid state reaction from starting oxide powders and the 
formation temperature is above . Such high temperature causes several 
problems, such as toxicity and non-stoichiometry due to the evaporation of PbO; 
particle coarsening and aggregation, which are detrimental to the subsequent 
sintering. Therefore, low temperature synthesis methods have been developed such as 
chemical coprecipiation [4.2], sol-gel procedure [4.3], hydrothermal method from 
PbO and TiO
Co800
2 [4.4] and heating of previously activated oxide mixtures [4.5]. Due to 
the advance in nanoparticle synthesis techniques, some researchers have come to 
realize that PbTiO3 with nanostructure possess many new characteristics with 
different sizes [4.6-4.8], and there has been great interest in the application of 
ultrafine PbTiO3 composites to electronic devices as ultrasonic transducers and 
pyroelectric infrared sensors. These applications include both fabrication of fine 
PbTiO3 particles of nanometer size and understanding nanoparticle properties. 
In this chapter, we report on the formation of nanocrystalline PT phase by 
another low temperature (room temperature) method, mechanical activation. 
Mechanical activation was invented with an initial attempt as a method to develop 
dispersion-strengthened high temperature alloys. The most important advantage of 
mechanical activation is that it can be used to synthesize designed compounds at room 
temperature, which is particularly interesting to the lead-based electroceramic 
material. The size effect on the PT nanoparticles was also studied. The particle size 
was controlled by annealing 30-hour mechanically activated sample at various 
temperatures for fixed period. 
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4.2 Experimental 
The Pb-Ti hydroxide amorphous precursor was synthesized using the co-
precipitation method, by slowly adding a mixed nitrate solution of Pb2+ (from 
Pb(NO3)2, >99%, Merck, Germany) and Ti4+ (from TiCl4, >99%, Hayashi Pure 
Chemical Industries Ltd., Japan) into an ammonia solution of pH 9. The resulting co-
precipitates were then aged for one hour in the supernatant liquid, followed by 
filtration and drying at 90 oC for 2 hours in an oven. The dried precursor powder was 
thermally treated at 300 oC for 2 hours to dehydrate the precursor and at the same time 
preserve the Pb-Ti hydroxide precursor. Five grams of the precursor powder was 
loaded into a cylindrical vial 40 mm in diameter and 40 mm in length together with a 
milling ball 12.7 mm in diameter. Mechanical activation was carried out in a SPEX 
mill (8000M) operating at 900 rpm for 10, 20 and 30 hours, respectively [4.8]. 
Calcination was preformed in air ambient. The samples thus obtained were 
characterized using an X-ray diffractometer (X’Pert, Philips), Raman spectroscopy 
(ISA T64000 triple grating system), Scanning electron microscopy (SEM; Model XL 
30, Philips), as well as high-resolution transmission electron microscope, (HRTEM, 
Philips CM300FEG). 
 
4.3 Results and discussion 
 
4.3.1 Mechanical activation process 
Figure 4.2 shows the XRD patterns of the as-synthesized precursor and the 
samples after mechanical activation for 10, 20 and 30 hours. Only one broad hump  
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Fig. 4.2 XRD patterns of (a) precursor, (b) precursor mechanically activated for 10 h, 
(c) for 20 h, and (d) for 30 h. 
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ranging from a 2θ  angle of 25ο to 35o was observed in the as-synthesized precursor, 
indicating its highly amorphous nature. There was no significant difference between 
the XRD patterns of the precursor and the 10-hour milled sample, implying that little 
amount of crystalline phase was triggered by mechanical activation for 10 hours. 
Similarly, little change was observed in the XRD trace for the 20-hour milled sample, 
although the hump over the 2θ range of 25ο to 35o was slightly sharpened by the 
continued mechanical activation. Upon mechanical activation for 30 hours, four peaks 
at 2θ angles of 32.1o, 39.3o, 46.1o and 57.5o were well established, corresponding to 
the (101/110), (111), (200), and (211) planes of the crystalline PbTiO3 perovskite 
structure [4.9]. The appearance of these diffraction peaks demonstrates that the 
perovskite nanocrystallites of PbTiO3 can be triggered to form in the highly 
amorphous Pb-Ti-O precursor by mechanical activation alone at room temperature. 
This is in agreement with what has been observed in several other Pb-based 
ferroelectric compositions, where nucleation and subsequent growth of 
nanocrystallites can take place in the highly activated matrices [4.10-4.12]. 
Figure 4.3 shows a typical TEM micrograph of the 30-hour milled sample. 
Nanocrystallites can be clearly found in the amorphous matrix. Identification of d-
spacing (d = 0.299 nm) suggests that the spherical crystallite shown in Fig. 4.3 
corresponds to the (111) plane (d = 0.297 nm) of PbTiO3 phase [4.13]. In fact TEM 
result [4.14] shows that crystallites already exist in the 20-hour milled samples, 
although it was not observed by the phase analysis using XRD. As XRD is a bulk 
technique, the density of the crystallites in the 20-hour milled sample is too low to be 
detected. 
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Fig. 4.3 TEM micrograph showing a PbTiO3 nanocrystal in the 30-h-milled sample. 
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Fig. 4.4 Raman spectra of (a) precursor, (b) precursor mechanically activated for 10 h, 
(c) for 20 h, and (d) for 30 h. 
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To further identify the nanocrystallites triggered by mechanical activation in 
the amorphous matrix, Raman spectroscopy was employed to study the mechanically 
activated samples, shown in Fig. 4.4. Similar to the XRD results, no sharp Raman 
peaks representing crystalline phases were observed in the samples up to 20 hours of 
milling, although there seems to be a weak peak centered at ~300 cm-1 for the 20-hour 
milled sample, suggesting the occurrence of PT crystallites. In the 30-hour milled 
sample, one relatively sharp Raman peak and two broad Raman peaks centered at 
300, 500, and 600 cm-1, respectively, belonging to the crystalline PT phase [4.15], 
were clearly observable. This agrees with the results derived from XRD and TEM that 
nucleation and subsequent growth of PbTiO3 crystal occur with increasing mechanical 
activation duration.  
The morphology of the samples was studied by AFM. As shown in Fig. 4.5, 
the co-precipitated precursor was dramatically refined and re-dispersed during the 
first 10 hours of milling and no great changes in particle size was observed with 
further mechanical activation. 
On the basis of the above results, the mechanical activation process of the 
amorphous Pb-Ti-O precursor can be considered as two stages. The first stage (up to 
10 hours of milling) is mainly a mechanical process, in which the mechanical 
activation great refines and re-disperses the co-precipitated precursor uniformly. The 
second stage (longer than 10 hours) includes both mechanical and chemical processes. 
At the initiation of the second stage, the precursor continues to be refined slightly. 
When the particle size becomes small enough, the components in the sample in the 
Pb-Ti-O system become unstable and reactive. The energy provided by mechanical  
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Fig. 4.5 AFM images of (a) precursor, (b) precursor mechanically activated for 10 h, 
(c) for 20 h, and (d) for 30 h. 
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activation is enough to trigger the formation of PT nuclei that normally occurs upon 
post calcination. Longer milling time produces higher density of PT nuclei. 
 
4.3.2 Effect of particle size on the structure and unit cell volume 
Figure 4.6 shows the XRD patterns of the 30-hour milled samples calcined up 
to 600 oC for a fixed period of 1 hour at each temperature. The XRD pattern of the as-
milled sample shows one near-symmetric diffraction peak at 32.1o characterizing the 
pseudo-cubic structure [4.9], and this peak becomes asymmetric after a relative low 
temperature (350 oC) calcination. Upon calcination at 450 oC, this peak sharpens and 
a shoulder peak belonging to the (110) diffraction appears as a result, while the 
intensity of all peaks increases considerably. At this temperature, the PT phase 
experiences a rapid growth. After annealing at higher temperatures, the XRD peaks 
sharpen continuously reflecting the bigger size and better crystallinity of the PT 
nanocrystal particles. In the XRD pattern of the 600 oC-annealed sample, the peak at 
32.1o splits completely into two peaks at 31.5o and 32.4o, corresponding to the (101) 
and (110) planes of the PT phase with a tetragonal structure [4.13]. Note that this 
splitting from one symmetric peak to two peaks occurs gradually indicating that the 
structure of the PT crystal transforms from pseudo-cubic to tetragonal within the post-
calcination process [4.9], which is attributed to the size-effect of the nano-particles. A 
nanocrystalline material shows a pseudo-cubic structure when the particles are very 
small [4.16, 4.17]. With the increase in particle size, the material gradually assumes 
its bulk structure, the tetragonal phase in this case. 
In order to study the size effect of nano particles on the structure of the PT 
phase, detailed analysis of the XRD results shown in Fig. 4.6 was carried out.  
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Fig. 4.6 XRD patterns of (a) 30h-mechanically activated precursor and that calcined at 
(b) 350 oC, (c) 450 oC, and (d) 600 oC for 1h. 
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Figure 4.7 plots the dependence of the tetragonal distortion (c/a) and the unit 
cell volume of the PT phase on the particle size. In this work, the average particle size 
was calculated from the full-width-at-half-maximum (FWHM) of the (111) diffraction 
peak using the Scherrer equation which assumes the small crystallite size to be the 
only cause of line broadening [4.18], 
θλ cos/ BKD =       (4.1) 
where D is the particle diameter, λ is the X-ray wavelength, B is the FWHM of the 
diffraction line, θ is the angle of diffraction, and the constant K≈1. The tetragonal 
distortion (c/a) and volume of unit cell were derived by calculating the fitting results 
of the two strongest peaks (101) and (110) using Gauss functions. From Figure 10, it 
is obvious that the tetragonal distortion (c/a) shows a monotonic increase with the 
growth of PT phase, while the volume of the unit cell decreases with the increase of 
particle size. This increase in the tetragonal distortion (c/a) which indicates the 
structure transformation from pseudo-cubic to tetragonal has been attributed to the 
size effect of the PT particles in nanometer scale [4.16, 4.17]. Interestingly, the unit 
cell volume decreases dramatically after calcination at 450 oC when the particle size 
shows an apparent increase. For larger particle sizes obtained at higher temperature 
the PT unit cell volume is almost constant. In addition, it is noted that this dramatic 
reduction of unit cell volume occurs when the diffraction peaks are sharpened and 
strengthened. 
Raman scattering was also used to study the size effect during the post-
calcination process and the Raman results support the conclusions drawn from the 
XRD analysis. Figure 4.8 shows the Raman spectra of the same samples as in the 
XRD analysis (Fig. 4.6). The pseudo-cubic structure of PT crystal formed in the 30-  
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Fig. 4.7 c/a ratio and cell volume of the 30h-mechanically activated precursor before 
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Fig. 4.8 Raman spectra of (a) 30h-mechanically activated precursor and that calcined 
at (b) 350 oC, (c) 450 oC, and (d) 600 oC for 1 h. 
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hour mechanically activated sample was clearly reflected in its Raman spectrum. As 
shown in Fig. 4.8 (a), only one relatively sharp peak at ~300 cm-1 and a strong 
background at the low wavenumber region (below 100 cm-1) were clearly observed. 
These are significant characteristics of the PT crystal with a high symmetrical 
structure as reported in the Raman study of PT structure phase transition [4.15]. After 
calcination, the well-known Raman modes belonging to tetragonal PT phase appear, 
indicating the establishment of the tetragonal phase. With increase in calcination 
temperature, the E (1TO) and E(2TO) modes show a blue-shift while the position of 
the E+B1 mode remains constant, all of which can be attributed to the size effect of 
the PT nano-particles [4.17]. 
 
4.4 Conclusions 
The effects of mechanical activation on the formation of PbTiO3 powder from 
amorphous Pb-Ti-O precursor synthesized by the chemical co-precipitation method 
have been studied. The mechanical activation can be characterized by two stages: the 
uniform dispersion and size reduction of the starting materials for shorter milling 
time, and formation of the PT crystallites for longer milling duration. The PT phase 
with particles smaller than 15 nm is pseudo-cubic while that with larger size has the 
typical tetragonal structure. The size effect may be the dominant factor in determining 
the unit cell volume. 
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Lead titanate, PbTiO3 (PT), with a tetragonal perovskite structure at room 
temperature, is a ferroelectric compound with Curie temperature of 490 oC, high 
pyroelectric coefficients, high spontaneous polarization, low dielectric constant and 
low aging rate of the dielectric constants [5.1]. Therefore, PT is useful as pyroelectric 
and piezoelectric material for high temperature or high-frequency applications such as 
nonvolatile memories, infrared sensors, microactuators, capacitors, and electrooptic 
devices [5.2]. 
The properties of PbTiO3 ceramics are strongly related to the stoichiometry. 
The presence of pyrochlore, Pb2Ti2O6, a metastable intermediate phase, and/or lead-
deficient secondary phases, PbTi3O7, can damage significantly the electrical 
properties. Calzada et al. [5.3] reported that the formation of lead deficient phases 
delay and even hinder the formation of perovskite. Therefore, the incorporation of an 
excess of PbO (up to 20 mol%) to compensate the lead oxide losses produced during 
heating, is necessary for obtaining the single perovskite phase without other 
crystalline structures. However, an excess of lead oxide can make the microstructure 
control difficult. Seifert et al. [5.4] explained that the free energy change for 
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crystallization of the perovskite phase is large and kinetically limited at low 
temperature and thus metastable phase, such as pyrochlore, crystallize. A careful 
control over homogeneity of the precursor is required to form directly the perovskite 
phase from such amorphous precursor. 
The purpose of this work is the applying of the “fundamental seeding 
concepts” [5.5, 5.6] to the preparation of PT by mechanical activation of the 
homogeneous precursor with stoichiometric amounts of titanium and lead. The Pb-Ti-
O precursor was synthesized by co-precipitation method. Seeding of lead-derived 
titanates have been studied previously. Zaghete et al. [5.7] reported the formation of 
PZT at 360 oC for the material seeded with 5% of seed particles, approximately 400 
oC less than that formed by solid state reaction. In a previous work, [5.8] the effect of 
seeding on the crystallization temperature and rate of crystallization of Y-TZP system 
have also been studied. Based on those results, lower crystallization temperature 
and/or increase of the crystallization kinetic of the PT perovskite phase are expected, 




The synthesis and subsequent mechanical activation of the homogeneous 
amorphous Pb-Ti-O precursor was described in detail in Chapter 4. After being 
pressed into pellets, both the precursor and mechanically-activated powders were 
calcined in air ambient with the heating and cooling rates fixed at 5 oC/min and 10 
oC/min respectively. Two calcinations processes were used in this work for two 
purposes. In order to study the phase transformation of perovskite PT phase 
  51
Chapter 5 Mechanical Activation Induced Seeding Effect on Formation of 
Perovskite PbTiO3 
 
with/without a formation of metastable phase, the amorphous precursor and 30h-
milled sample were calcined at various temperatures (325 oC – 500 oC) for 5 h at each 
temperature. The other calcinations process started with the precursor and the samples 
milled for different periods (10 h – 30 h). The purpose of latter calcination is to derive 
the activation energy for formation of the PT phase. Both of the above two results are 
expected to be strongly dependent on the mechanical activation process which could 
introduce crystallite PT before post-calcinations. The Raman spectra were measured 
using an ISA Jobin Yvon-Spex T64000 Triple System with back-scattering geometry. 
An argon-ion laser with an output of approximately 20 mW at 514.5 nm was used as 
the excitation source. A Philips X’Pert diffractometer was utilized to identify the 
phases in different calcined powders. The structure and the elemental content of the 
metastable phase were characterized by a Philips CM300 high-resolution transmission 
electron microscope (HRTEM) equipped with an energy disperse X-ray 
microanalyzer (EDX). For the HRTEM study, a drop of the powder suspension was 
deposited on a carbon-covered copper grid. 
 
5.3 Results and discussion 
 
5.3.1 Metastable intermediate phase 
Figure 5.1 shows the Raman spectra of the precursor calcined at 300, 325, 
350, 375 and 400 oC for 5 h at each temperature. The material still remained 
amorphous after the calcination at 300 oC for 5 h as indicated by the Raman spectrum 
(Fig. 5.1a).  
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Fig. 5.1 Raman spectra of precursor calcined at (a) 300 oC, (b) 325 oC, (c) 350 oC, (d) 
375 oC, and (e) 400 oC for 5 h. 
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Two weak peaks at below 200 cm-1 appear in the spectrum of the 325 oC-calcined 
sample, implying the formation of an ordered structure. Instead of the 
thermodynamically stable perovskite PbTiO3, a metastable crystalline phase Pb5Ti2Ox 
(Fig. 5.1c) crystallized at a relative low temperature (T = 350 oC) and transformed to 
the perovskite PT phase (Fig. 5.1d) above 375 oC. We studied this transformation in a 
wide temperature range (100 K ~ 800 K) by Raman spectroscopy and proved it is an 
irreversible transformation, a characteristic of thermally activated transformation from 
a metastable to a stable phase [5.9]. Only the well-known Raman spectrum of the 
tetragonal structure PT [5.10, 5.11] was observed in the sample calcined at 400 oC for 
5 h as shown in Fig. 5.1e, indicating the formation of the final pure PT perovskite 
phase. The XRD patterns of the samples calcined at 300, 350, 375 and 400 oC are 
shown in Fig. 5.2. The XRD data strongly support the results derived from the Raman 
scattering investigation that a metastable intermediate phase is formed at relatively 
low temperatures during the transformation from the amorphous precursor to the 
crystalline perovskite phase. 
Figure 5.3 shows the HRTEM image of the precursor calcined at 350 oC for 5 
h. It can be clearly seen that the metastable intermediate phase is crystalline and in 
nanometer size. It is also noted that some amorphous regions appear around these 
crystalline nanoparticles. As shown in Fig. 5.4, by integrating the areas under the 
peaks, the ratio of the Pb atoms and Ti atoms consisting of the metastable phase is 
derived to be close to 5:2, different from the typical metastable pyrochlore phase 
Pb2Ti2O6 or lead-deficient secondary phases, PbTi3O7. The Raman spectrum 
(Fig.5.1c) and XRD pattern (Fig.5.2b) of this metastable phase also demonstrate that  
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Fig. 5.2 XRD patterns of precursor calcined at (a) 300 oC, (b) 350 oC, (c) 375 oC, and 
(d) 400 oC for 5 h. 
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Fig. 5.3 HRTEM image of precursor calcined at 350 oC for 5h. 
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Fig. 5.4 Energy curve of EDX of crystalline nanoparticle in the precursor calcined at 
350 oC for 5 h. 
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it is a new metastable phase in the synthesis of perovskite PT [5.12]. The amorphous 
regions could be responsible for this loss of stoichiometry compared with starting Pb-
Ti-O precursor and final PT perovskite, i.e. containing a compound with a ratio, Pb:Ti 
= 5:2. 
Figure 5.5 displays the Raman spectra of 30-h milled sample calcined at 300, 
325, 350, 375 and 400 oC for 5 h. Different from the calcination with the amorphous 
precursor as starting material, the perovskite PT was directly formed from the 
mechanically-actviated sample, bypassing the metastable intermediate phase. 
Considering the difference (see Chapter 4) between the two kinds of starting samples 
in this low temperature calcination process, it is reasonable to attribute this direct 
transformation to the existence of PT crystallites formed by mechanical activation. 
The mechanism underlying this phenomenon is discussed below. 
 
5.3.2 Activation energy 
In order to study the mechanical activation effects on the crystallization of PT 
phase, both the precursor and the mechanically activated samples were calcined at 
425 oC, 450 oC and 475 oC for 10, 13, 16 and 20 h at each temperature. Figure 5.6 
shows the XRD patterns of the 450 oC/20 hrs calcined samples, which clearly 
indicates that the predominant tetragonal PT phase is formed in all four starting 
materials. By integrating the area under the (111) peak and normalizing to the same 
peak of the respective fully-transformed PT samples (650 oC/30 hrs), the amount of 
the crystallized tetragonal PT phase in all samples was measured [5.13, 5.14]. As 
shown in Fig. 5.7, it can be clearly observed that the fraction of the crystallized PT  
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Fig. 5.5 Raman spectra of 30-h milled sample calcined at (a) 300 oC, (b) 325 oC, (c) 
350 oC, (d) 375 oC, and (e) 400 oC for 5 h. 
  59



























































Fig. 5.6 XRD patterns of calcined samples at 450 oC for 20 h. 
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phase is much higher for the 20 and 30-hr milled samples. Considering the significant 
difference of starting materials, it is reasonable to attribute this higher fraction of PT 
phase in the longer milled samples to the existence of PT crystallites. These PT 
crystallites act as seeds for PT phase growth during calcination. 
If the crystallization of tetragonal PT phase can be considered as a nucleation 
and growth process, then by plotting the fraction of crystallized PT phase as a 
function of calcination time, the result should show a good agreement with the 
Avrami model [5.15], where the relationship between volume fraction x and 
calcination time t is given by, 
 
)exp(1 nktx −−=       (5.1) 
 
where n is a constant dependent on the nucleation and growth mechanism, and k is the 
rate constant. Under isothermal conditions, the experimental data can be better fitted 
according to the following linear transformation of the above equation, 
 
nLntLnkxLnLn +=−− )]1([      (5.2) 
 
Figure 5.8 shows the plots of )]1ln(ln[ x−−  as a function of . The rate constants 
were determined from the intercept with ordinate axis at each isothermal temperature. 
As shown in Table 1, the rate constants for samples with longer milling time (which 
has a higher density of PT nuclei) were much larger than that of the precursor or  
tln
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Fig. 5.7 Isothermal kinetics for the PbTiO3 crystallization at 425, 450, and 475 oC as a 
function of the calcinations duration. 
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Fig. 5.8 Avrami plots for the PbTiO3 crystallization at 425, 450, and 475 oC as a 
function of the ball milling time. 
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samples with shorter milling time. In this work, the temperature dependence of k 
showed an apparent Arrhenius relationship [5.16], 
)/exp( RTEAk a−=       (5.3) 
where A is the pre-exponential (frequency) factor,  the apparent activation energy 
of crystallization, and R the molar gas constant. The straight lines in the  vs. 
 plots (Fig. 5.9) with very good correlation coefficients were clearly seen. 




a, shown in Table 1, was then determined from the slope of 
the plot. The activation energies calculated were molkJ /6249 ±  for the precursor, 
, , and molkJ /5217 ± molkJ /3153 ± molkJ /797 ±  for 10, 20 and 30 hour-milled 
samples, respectively. It is clear that the activation energy was dramatically lowered 
by the mechanical activations for more than 10 hours. The above results suggest that 
an increase in the density of the PT nuclei which were derived from the mechanical 
activation and acted as PT seeds during the post-calcination can dramatically enhance 
the crystallization kinetics and lower the activation energy. 
 
 
  Table I 
Kinetic constant, k, and activation energy, Ea, for the crystallization of







698 41023.1 −×  41065.1 −×  41000.5 −× 31062.3 −×  
723 41053.5 −×  41062.6 −× 31029.1 −×  31037.7 −×  
748 31084.1 −×  31003.2 −×  31074.2 −× 21029.1 −×  
Ea (kJ/mol) 6249 ±  5217 ±  3153 ±  797 ±  
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Fig. 5.9 Arrhenius plots of crystallization rate constant for calcined samples. 
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Mechanical activation induced seeding effect on formation of perovskite 
PbTiO3 was studied. A crystalline metastable intermediate phase which could 
introduced many application problems was observed in the transformation from the 
amorphous precursor to final perovksite PT phase in a low temperature calcination 
process. This metastable phase could be bypassed with the aid of a pre-mechanical 
activation process. The activation energies for formation of PT perovskite from the 
amorphous precursor and these precursors with pre-mechanical activation for various 
periods were also calculated. The results show that the activation energies could be 
dramatically decreased after the initial precursor was subjected to mechanically 
activation for 30 h. This is mainly due to the mechanical activation induced PT 
crystallites, which act as seeds during the transformation/crystallization of PT 
perovskite. The lower activation energy for formation of PT from a mechanically-
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In recent years ferroelectric materials have attracted a lot of attention for use in 
nonvolatile memory devices, in particular, ferroelectric random access memories 
(FeRAM) [6.1-6.3]. The leading candidate for this application is PbZr1-xTixO3 (PZT) 
perovskite which has a high Curie temperature and large remanent polarization. 
However, PZT thin films exhibit serious polarization fatigue during electric field 
cycling. More recently, a significant breakthrough for controlling the fatigue problems 
was reported in which ferroelectric materials belonging to the layered perovskite 
family, such as SrBi2Ta2O9 (SBT), show essentially no polarization fatigue with 
electric field cycling [6.4].
SrBi2Ta2O9 is a bismuth-layered pseudo-perovskite oxide. The crystal structure 
consists of [Bi2O2]2+ layers and perovskite-type [SrTa2O7]2- units with double TaO6 
octahedral layers. Neutron and electron diffraction studies revealed that orthorhombic 
distortion with noncentrosymmertic space group A21am is responsible for the 
displacive-type ferroelectric behavior [6.5, 6.6]. The atomic displacements along the 
a-axis from corresponding positions in the paraelectric phase with a parent tetragonal 
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(I/4mmm) structure occur at the Curie temperature, Tc = 608 K [6.7] and these 
displacements cause the spontaneous ferroelectric polarization in SBT. 
The effects of particle size on the physical properties of ferroelectric materials, 
especially the nanocomposites for electronic devices have been extensively 
investigated theoretically using the transverse Ising model [6.7, 6.8] and Landau 
phenomenological theory [6.9, 6.10], and experimentally by x-ray diffraction [6.11, 
6.12] and Raman scattering [6.13]. Frey et al. [6.14] studied the effect of particle size 
on the crystal structure of BaTiO3; Ishikawa et al. [6.13] investigated the effect of 
particle size on the Curie temperature in PbTiO3 (PT); and a study of size effects on 
dielectric properties of PbZr1-xTixO3 (PZT) was reported by Huang et al. [6.10] In this 
chapter, we present an in-situ Raman scattering study of size effect on the 
ferroelectric phase transition in SBT ultrafine particles. 
 
6.2 Experimental 
Mechanical activation with a post-annealing process was employed to 
synthesize SBT nanoparticles. The starting materials used in this work were 
commercially available SrO (99.9% in purity, Sigma-Aldrich Chemical Company, 
Inc.), Bi2O3 (99.9% in purity, Acros Organics), and Ta2O5 (99% in purity, Sigma-
Aldrich Chemical Company, Inc.) After 30-hour mechanical activation of the starting 
mixed oxides, the as-milled powders were subjected to a post-annealing up to 950 oC 
for 1 hour with 5 oC/min heating rate and 10 oC/min cooling rate. In order to carry out 
the phase analysis, particle size measurement and calculation of phase transition 
temperature (Tc), a standard SBT bulk sample was prepared by sintering the 30-hour 
milled powder at 1225 oC for 2 hours. Both the annealed powder and sintered bulk 
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sample were characterized by x-ray diffraction (XRD, X’Pert, Philips). To study the 
temperature induced ferroelectric phase transition in SBT powder, in-situ high 
temperature Raman experiments were carried out using a TMS 93 Linkam thermal 
stage capable of holding temperature over the range between 300 and 770 K. All 
micro-Raman spectra were measured in the backscattering geometry using a Jobin 
Yvon T64000 Raman spectrometer with an Olympus microscope attachment and 
equipped with a liquid-nitrogen-cooled CCD detector. The 514.5 nm line of an argon-
ion laser was used as the excitation source. 
 
6.3 Theoretical background 
 
6.3.1 Ferroelectric phase transition 
Ferroelectric crystals that exhibit spontaneous polarization in the absence of an 
external electric field, are marked by their electric hysteresis behaviour. The finite 
magnitude of the spontaneous polarization in ferroelectric crystal is due to the fact 
that the center of positive charge of the crystal does not coincide with the center of 
negative charge and the magnitude is temperature dependent such that it decreases 
gradually with increasing temperature and drops sharply in the vicinity of a certain 
temperature Tc –Curie temperature and to zero at this Tc. Above Tc, the crystal does 
not exhibit ferroelectricity and is referred to be paraelectric. It is generally believed 
that the ferroelectric structure of a crystal is created by a small distortion of the 
paraelectric structure such that the lattice symmetry in the ferroelectric phase is 
always lower than that in the paraelectric phase. 
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In PbTiO3, a typical ferroelectric with ABO3 perovskite structure, the 
correlation along the tetragonal c-axis is important for the appearance of 
ferroelectricity (see Fig. 4.1). However the chain-like correlation along the tetragonal 
direction is broken by the Bi2O2 layers in SrBi2Ta2O9, and the spontaneous 
polarization appears along the a-axis below Tc as shown in Fig. 6.1. 
It was proposed that ferroelectric phase transition mechanisms may be 
classified into two main groups: order-disorder and displacive. However, there are 
still many ferroelectric phenomena unexplained by neither of them, clearly and firmly 
enough, and several unified models based on a combination of both mechanisms have 
been proposed [6.15, 6.16] in an attempt to explain them. For displacive transition, the 
atomic displacements (oscillations) change from about a nonpolar site in paraelectric 
phase to about a polar site in ferroelectric phase. Usually, displacive transition is 
associated with a “soft mode”. 
 
6.3.2 Soft mode 
Raman and Nedungadi (1940) seem to be the first to have observed a soft 
mode in a structural phase transition. By Raman scattering they found that the α → β 
transition in quartz is accompanied by a decrease in the frequency of a totally 
symmetric optical phonon mode as Tc is approached from below. Several years later, 
Cochran and Anderson (1959) suggested that the phase transitions in certain 
ferroelectrics might result from instability of one of the normal lattice modes at the 
Brillouin zone centre, q = 0. The idea in this theory is as follows: When this type of 
crystal approaches the transition temperature Tc, the frequency of the relevant (‘soft’) 
transverse optical phonon mode (TO) decreases and the restoring force for the mode 
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Fig. 6.1 Crystal structure of paraelectric SrBi2Ta2O9. Below Tc, the structure 
distortion occurs as indicated by the arrows. 
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displacements tends to zero until the phonon has condensed out i.e. the corresponding 
TO phonon frequency vanishes at some point in the Brillouin zone at the stability 
limit. Namely, the crystal structure becomes unstable near Tc and a new crystal 
structure becomes stable. 
The temperature dependence of the soft mode of the TO phonon can be 










TTTq   (6.1) 
which is related to the static dielectric response and the dynamic properties of a 
system. A large temperature dependent static dielectric constant ),0,0( Tε  can occur 
only if the loss spectrum in the second term of Eq. (6.1) contains contributions from 
strong temperature dependent soft modes which may have a resonant or a relaxational 
character. Here the real component ),,(' Tqωε  of the dielectric constant ),,( Tqωε  
describes the polarization and the imaginary part ),,('' Tqωε  represents the 
absorption of the electromagentic wave by the system. )(∞ε  is the limiting value of 
the dielectric constant at frequencies which are much higher than the ferroelectric 
dispersion frequency. 
The normal modes of the system are defined as the poles of ),,( Tqωε  and are 
therefore found as the generally complex solutions of: 
0
)(
1 =ϖε        (6.2) 
Here the poleϖ  represents the soft mode and is critically dependent on temperature. 
In the case of ferroelectrics the static dielectric constant ),0,0( Tε  follows a 
Curie-Weiss law: 
 73
Chapter 6 Size Effect on Ferroelectric Phase Transition in SrBi2Ta2O9 
Nanoparticles 
cTT




1 =ε    at T = Tc   (6.4) 
Comparing Eq. (6.2) and Eq. (6.4), the complex frequency of the soft mode is 
  ,0''' =+= ωωϖ i   T = Tc    (6.5) 
At Tc, the static dielectric constant diverges and the frequency of the soft mode 
vanishes at the stability limit. At T ≠ Tc, the existence of a Curie-Weiss law for the 
dielectric constant thus implies the existence of a soft mode.  
 
6.4 Results and discussion 
 
6.4.1 Size determination using Scherrer equation 
Figure 6.2 shows the XRD patterns of the samples annealed at various 
temperatures and the sintered bulk sample. The polycrystalline single phase SBT was 
formed in all annealed samples and this SBT phase was well established with the 
increase of annealing temperatures [6.17]. After fitting the XRD patterns with a 
Gaussian line shape, the average particle size was determined from the full width at 
half maximum (FWHM) of the strongest x-ray diffraction peak (115) using Scherrer 









































































Fig. 6.2 XRD patterns of sintered bulk sample and samples annealed at various 
temperatures. 
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θλ cos/ BKDXRD =       (6.6) 
where DXRD is the particle diameter, λ is the x-ray wavelength, B is the FWHM of the 
diffraction line, θ is the angle of diffraction, and the constant K≈1. In order to remove 
the contribution from instrumental broadening, the FWHM of the (115) line in XRD 
trace of the sintered bulk sample was subtracted as described by Eq. (6.7): [6.19] 
 
222 baB −=        (6.7) 
 
where B is the FWHM of the true diffraction profile, a and b are the measured 
FWHM of equivalent diffraction lines in the annealed powders and the sintered bulk 
sample, respectively. The calculated size of our annealed SBT powders ranges from 
11 to 71 nm. 
 
6.4.2 In-situ Raman spectra of SrBi2Ta2O9 powder 
Figure 6.3 shows the temperature dependence of the low-wavenumber (10 ~ 
300 cm-1) Raman spectra of the bulk sample. The lowest frequency peak, A1(z) mode 
shows an obvious red-shift and broadening with increasing temperature, especially 
near 560 K, and disappears above 580 K as shown in Fig. 6.3 inset. This typical soft 
mode behavior is responsible for the ferroelectric phase transition in bulk SBT sample 
[6.20]. It is noted that the lowest frequency peak A1 is not observed below the Curie 
temperature (Tc = 589 K) obtained from the temperature dependence of dielectric 
constant (shown in Fig. 6.3 inset). Similar phenomenon has been reported by Kojima 
[6.20, 6.21]. Thus, the phase transition temperatures in SBT powders cannot be  
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Fig. 6.3 Low-frequency Raman spectra of SBT bulk sample as a function of 
temperature. The inset are the temperature dependences of dielectric constant and 
wavenumber of soft mode of the SBT bulk sample. 
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directly read from the in-situ Raman spectra as previous Raman scattering studies in 
BaTiO3 [6.22], PbTiO3 [6.13], and PbZr1-xTixO3 [6.23]. 
Following Burns et al.[6.24] and Kojima [6.20, 6.21], we fitted the soft mode 
A1 by a simple damped harmonic oscillator model after the correction of the Bose 





















−=       (6.9) 
 
We measured the frequency corresponding to the peak A1(Z), ωp, the intensity at the 
peak, I(ωp), and the intensity at zero frequency, I(0). A computer fitting with a 
Lorentzian line shape was carried out and the damping factors γ  were obtained. 
Figure 6.4 shows the damping factors of the soft mode A1(z) for the SBT bulk sample 
and nanoparticles as a function of temperature. The dark symbols represent the 
damping factors obtained from Eqs. (6.8) and (6.9). The solid lines are fitting results 
by the universal scaling theory which predicted the temperature dependence of 
damping factors )(Tγ  of the soft modes as: [6.25] 
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Fig. 6.4 Temperature dependence of damping factors of SBT bulk sample and 
nanoparticles of various sizes. The arrows indicate the transition temperature Tc. 
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Fig. 6.5 Ferroelectric transition temperatures as a function of particle size. 
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where . The good agreements between the experimental data and the 
theoretical fitting results were observed in both the bulk sample and nanoparticles 
with various particle sizes.The estimated ferroelectric phase transition temperatures 
were also indicated by the arrows in Fig. 6.4. 
cc TTTt /)( −=
Figure 6.5 shows the phase transition temperatures Tc as a function of particle 
size. Similar to the previous study of size effects on PbTiO3 nanoparticles [6.13], the 
transition temperatures of SBT ultrafine particles markedly decrease as particle 
sizedecreases, in particular when the particle size is less than 20 nm in this work. The 
solid line in Fig. 6.5 is the value obtained by the following equation: [6.13] 
 
)'/()()( DDCTDT cc −−∞=       (6.11) 
 
where Tc(D) is the transition temperature of the particles with D nm in size; Tc(∞) is 
the transition temperature of the bulk sample, which is taken to be 605 K (see Fig. 
6.4) although it is relatively higher than Tc obtained from dielectric constant; Tc of 
SBT nanoparticles were derived from Raman scattering, C  and  are fitting 
parameters. The above equation was first proposed by Ishikawa et al.[6.13] and the 
qualitative understanding based on the soft mode picture was given by Zhong et 
al.[6.26]. According to previous definition [6.13, 6.26], a critical size D
'D
crit is the size 
at which Tc = 0 K. We obtained Dcrit of SBT from equation (6.11) to be 2.6 nm. This 
value is much less than the values of PT, which is 13.8 nm derived by Raman 
scattering [6.13], 8.8 nm by specific heat measurement [6.26], and 7 nm by x-ray 
diffraction [6.12]. It is even less than that of PZT (4 nm [6.10] and 4.2 nm [6.9]). This 
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small critical size if confirmed indicates another potential application of SBT as a 
promising ferroelectric material for the formation of low dimension and high density 
ferroelectric device besides being fatigue free. 
 
6.5 Conclusions 
The size effect on the ferroelectric phase transition in SrBi2Ta2O9 
nanoparticles has been studied by in-situ Raman scattering. With the decrease of 
particle size, the transition temperature decreases dramatically. From an empirical 
expression, the critical size (Dcrit = 2.6 nm) of SBT was obtained. Ferroelectricity will 
be lost when the particle size is less than Dcrit. Compared to other ferroelectric 
materials, SBT has a relatively smaller critical size, which implies that SBT is a 
potential candidate for formation of ferroelectric devices with an ultrafine size. 
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Chapter 7 
Micro-Raman Investigation of Cation Migration and 
Magnetic Ordering in Spinel CoFe2O4 Powder 
 
7.1 Introduction 
The electrical, magnetic and optical properties of spinel compounds have been 
extensively studied, both theoretically and experimentally [7.1-7.4], because they are 
widely used as magnetic high frequency core materials and in geophysics. Spinels 
have the general molecular formula AB2X4, where X is an anion and A and B are 
cations. Spinel ferrites are a large commercially important class of magnetic oxides 
with the generic formula MFe2O4, where M is one or more divalent cations. To a good 
approximation, the spinel structure can be described as cubic close-packed anion 
lattice with 1/8 of the tetrahedral and 1/2 of the octahedral interstices filled by caitons 
as shown in Fig. 7.1 [7.5]. The cation arrangement can vary between two extreme 
cases. One is “normal” spinel, with all the divalent (A) cations at the tetrahedral (T) 
sites and the trivalent (B) cations at the octahedral (O) sites, represented by the 
formula A(BB)O4. The second limit case is “inverse” spinel, B(AB)O4, in which the 
divalent cations occupy the O-sites and the trivalent cations are equally divided 
among the T- and remaining O- sites. 
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Fig. 7.1 Schematic diagram of spinel structure 
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As an important candidate for magnetic and magneto-optical recording media, 
CoFe2O4, a spinel ferromagnetic oxide with high coercivity, moderate saturation 
magnetization as well as remarkable chemical stability and mechanical hardness, has 
attracted much attention [7.6-7.9]. CoFe2O4 is predominantly an inverse spinel with 
formula 
4111 )( OFeCoFeCo xxxx +−−   (with x→0)  (7.1) 
where x is the cation distribution factor which describes the fraction of tetrahedral 
sites occupied by Co2+ cations [7.10]. As it is well known, uniaxial anisotropy with 
high remnance ratio, which makes spinel CoFe2O4 more promising as a permanent 
magnetic material, can be induced by magnetic annealing [7.11]. In order to explain 
the large change in the magnetic anisotropy, several models have been proposed. In 
1956, Williams et al. [7.12] first introduced the precipitation model. One year later, 
Penoyer and Bickford studied the magnetic annealing effect in cobalt ferrite single-
crystals as a function of cobalt content and annealing direction by using the torque 
experiments and explained the experimental results by the ion migration model [7.13]. 
The electron diffusion model was reported by Iizuka and Iida [7.14] in 1966. Among 
these models, the ion migration model has been supported by many theoretical 
investigations. According to the ion migration model, the distribution of the cations is 
changed during magnetic annealing, i. e. Co ions migrate from O-site to T-site while 
irons migrate from T-site to O-site. However, the mechanism governing the formation 
of uniaxial anisotropy still needs further investigation, especially experimental 
studies. As a conventional method to study ferrites, MÖssbauer spectroscopy was 
employed to experimentally investigated ion migration in spinel CoFe2O4 by Kim et 
al. [7.15]. However, the poor resolution caused by the severe overlapping of the T-site 
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and O-site peaks in MÖssbauer spectroscopy limits a detailed study. As a powerful 
tool for lattice and structural study, Raman spectroscopy may provide useful 
information on the cation migration in spinel CoFe2O4. 
Due to its high sensitivity to many lattice effects, Raman scattering is uniquely 
suited for probing magnetic oxides. The structure transition and lattice distortion in 
magnetite were studied using in-situ low temperature Raman scattering by Gasparov 
et al. [7.16] and Degiorgi et al. [7.17] respectively. Dediu et al. [7.18] performed 
Raman scattering investigation of charge-lattice and spin-lattice couplings in 
manganites. The local cation ordering in relaxor perovskite ferroelectrics 
Pb(Mn1/3Nb2/3)O3 [7.19] and magnetic ordering in colossal-magnetoresistive (CMR) 
material La1-xCaxMnO3 [7.20] were also investigated by Raman scattering. In this 
chapter we report on high temperature micro-Raman scattering study of CoFe2O4 
powder over a wide of temperature (300 ~ 870 K), and room-temperature micro-
Raman under an external magnetic field (up to 6.0 kOe). By comparing with the well-
known Raman spectra of inverse spinels, Fe3O4 and NiFe2O4, the Raman modes of 
CoFe2O4 were assigned. The rapid increase in the linewidth of the Raman modes at 
high temperature and the anomalous red-shift of Raman peaks under an external 




The CoFe2O4 powder used in the experiments was prepared by co-
precipitation and further calcinations [7.21]. Metal nitrates (Co(NO3)2 and Fe(NO3)3) 
were used as the starting material. Ferric nitrate (Fe(NO3)3) was dissolved together 
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with the required amount of Co(NO3)2 in aqueous solution. Co-precipitation was 
carried out by adding ammonium hydroxide solution. The amount of Co-nitrate was 
adjusted, so that single-phase Co-ferrite was formed after calcinating the precursor at 
1300 oC for 2 hours in air with the heating rate 5 oC/min and cooling rate 10 oC/min. 
The structure and phase purity of the calcined powder was characterized using X-ray 
diffraction (XRD; Cu  radiation, Model X’pert, Philips, Eindhoven, The 
Netherlands). Scanning electron microscopy (SEM; Model XL 30, Philips) was 
employed for characterization of the morphology of spinel CoFe
αK
2O4 powder. All 
micro-Raman spectra were measured in the backscattering geometry using a Spex 
1702/04 Raman spectrometer with an Olympus microscope attachment and equipped 
with a liquid-nitrogen-cooled CCD detector. The 488 nm line of an argon-ion laser 
was used as the excitation source. The spot size of the laser on sample is ~1 µm in 
diameter. The high temperature Raman experiments were carried out using a TMS 93 
Linkam thermal stage capable of holding temperature over the range between 300 and 
870 K. 
 
7.3 Results and discussion 
 
7.3.1 Phase analysis 
Figure 7.2 shows the XRD pattern of the CoFe2O4 powder. Six peaks at 2θ 
angles of 29.9o, 35.2o, 42.8o, 53.3o, 56.7o and 62.3o were observed. According to 
previous XRD study of polycrystalline CoFe2O4 spinel structure [7.22], we addressed  
 
   89
Chapter 7 Micro-Raman Investigation of Cation Migration and Magnetic 




































Fig. 7.2 XRD patter of calcined spinel CoFe2O4 powder 
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the above peaks to the (220), (311), (400), (422), (511) and (440) planes respectively 
and the experimental lattice parameter of unit cell a = 8.389  was obtained which is 
well matched with the value a = 8.391  [7.23]. The appearance of these diffraction 





2O4 powder can be formed 
by calcination of the precursor derived from the co-precipitation process. 
Figure 7.3 shows the SEM micrograph of CoFe2O4 powder. As shown, some 
small spherical protrusions, assumed to be Fe2O3 in the previous study [7.10], 
appeared at the CoFe2O4 grain boundaries. In order to identify whether they are the 
second phase (Fe2O3), micro-Raman scattering was carried out by critically focusing 
the laser beam on these protrusions. Because of the small spot size of the laser (~1 
µm), we were able to focus the laser exclusively on the protrusions. Noting the fact 
that Fe2O3 has strong and sharp Raman peaks at ~ 240 cm-1 and ~ 300 cm-1 [7.24] that 
are stronger than those (470 cm-1 & 695 cm-1) of CoFe2O4, we would have no problem 
in identifying them if the protrusions were Fe2O3. Our Raman results indicate such 
protrusions are CoFe2O4, not Fe2O3. 
7.3.2 Raman mode assignments 
CoFe2O4 has a cubic inverse-spinel structure with  (Fd m) space group. 





uuuugggg FFEAFFEA 212211 2423 +++++++=Γ   (7.2) 
in which five optic modes are Raman-active ( ggg FEA 21 31 ++ ) and four are infrared-
active (4 ) [7.25]. Fig. 7.4 (bottom spectrum) shows the Raman modes of spinel  uF1
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Fig. 7.3 SEM image of the calcined spinel CoFe2O4 powder. 
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CoFe2O4 powder at room temperature. Due to the polycrystalline nature of the 
CoFe2O4 powder, polarized measurements were not performed and the assignments of 
all degenerate irreducible representations to each of the Raman-active modes were 
also not carried out. According to the previous Raman study [7.26], we assigned the 
highest wavenumber Raman mode at 695 cm-1 to the T-site mode, which reflects the 
local lattice effect in the tetrahedral sub-lattice and the peak at 470 cm-1 to the O-site 
mode, which reflects the local lattice effect in the octahedral sub-lattice. This is 
consistent with the Raman study on Fe3O4 [7.16], in which the T-site mode is found at 
670 cm-1, and NiFe2O4 [7.27] with T-site mode at 701 cm-1 and O-site mode at 585 
cm-1. 
 
7.3.1 High temperature Raman study of cation migration 
The high temperature Raman spectra of CoFe2O4 powder were shown in Fig. 
7.4. Over the temperature range between 300 K and 870 K, the only obvious change is 
the dramatic increase in line-width of the Raman peaks at elevated temperature. In 
order to study the lattice effect in the CoFe2O4 polycrystalline phase, a least-squares 
fit with the Lorentzian line-shape was used to fit the Raman peaks of the T-site and O-
site modes. Fig. 7.5 shows the fitted full-width-at-half-maximum (FWHM) as a 
function of temperature. Interestingly, the FWHM of the two modes increased only 
slightly over the low temperature range between 300 and 370 K and started to 
increase rapidly from 32 cm-1 at 370 K to 38 cm-1 at 410 K for the T-site mode and 
from 48 cm-1 to 55 cm-1 for the O-site mode. This tendency of increasing FWHM with 
an increase of temperature remained, though at a slower rate, and the FWHMs at 870 
K are 1.66 times (T-site) and 1.48 times (O-site) of their initial values at room  
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Fig. 7.4 High temperature Raman spectra of spinel CoFe2O4 powder between 300 K 
and 870 K. The sharp peaks below 400 cm-1 are plasma lines of Argon ion 
laser source (same below). 
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  Fig. 7.5 FWHM of Raman modes as a function of temperature. 
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temperature. Notedly, the normal anharmonic effect on the phonon line width alone 
does not explain the unusual increase of FWHM with increasing temperature, 
especially the rapid increase observed at ~390 K. Considering the cation migration in 
spinel CoFe2O4 [7.15], the T-site Fe3+ ions can migrate from T to O site while the 
same number of Co2+ ions move from O to T site, and this inter-site cation migration 
must break the long-range cation order and introduce disorder at both the T-site and 
O-site sub-lattices. Thus, the result derived from the high temperature micro-Raman 
scattering indicates the existence of local disorder induced by cation migration in 
spinel CoFe2O4 at elevated temperatures. Taking into account of the laser heating 
effect on the sample surface, the starting temperature ∼390 K for cation migration in 
our experiments agrees well with the previous result (~450 K) [7.15]. Furthermore, 
the high degree of cation migration at ~600 K, consistent with the reported 
temperature [7.11], can be a significant assistance for explaining the formation of 
uniaxial anisotropy in magnetic annealing, where the cobalt-ferrite particles could be 
aligned by magnetic field. The broadening of Raman peaks caused by local disorder 
has been well-studied for several materials, e. g. PbBi2Nb2O9 [7.28], 
Pb(Mg1/3Nb2/3)O3 [7.19], and NiFe2O4 [7.27]. 
 
7.3.4 Magnetic ordering induced anomalous softening of Raman 
modes 
Figure 7.6 shows the Raman spectra of CoFe2O4 powder under external 
magnetic field (up to 6.0 kOe) at room temperature. The spectra exhibit only slight 
change in Raman peak positions. The frequencies of T-site mode and O-site mode are 
obtained by curve fitting and the results are shown in Fig. 7.7, which show a  
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Fig. 7.6 Raman spectra of spinel CoFe2O4 powder under an external magnetic field. 
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Fig. 7.7 Wavenumber of Raman modes as a function of magnetic field. 
   98
Chapter 7 Micro-Raman Investigation of Cation Migration and Magnetic 
Ordering in Spinel CoFe2O4 Powder 
monotonic decrease of frequency for both the T-site and O-site modes with increasing 
magnetic field strength. As reported in the previous work [7.29], this anomalous 
softening of Raman modes is strongly related to the magnetic ordering induced by an 
external magnetic field since the ambient temperature was fixed at 300 K in this work. 
The results shown in Fig. 7.6 are direct spectral evidence of magnetism-lattice 
coupling in spinel CoFe2O4. Further experimental and theoretical work is needed to 
fully understand Raman scattering of spinel CoFe2O4. 
 
7.4 Conclusions 
The spinel CoFe2O4 powder has been investigated using high temperature and 
magnetic micro-Raman scattering. The inter-site cation migration was successfully 
demonstrated by the increase of line width of Raman modes at elevated temperature. 
Upon applying a relatively weak external magnetic field at room temperature, the 
frequencies of the Raman modes decreased due to the magnetic-field-induced 
magnetic ordering. Considering both the cation migration at elevated temperature and 
the magnetic ordering under an external magnetic field, this work is helpful in the 
understanding of the mechanism underlying the formation of uniaxial anisotropy by 
magnetic annealing. The results of this work may be extended to other inverse spinels. 
These results also show that Raman spectroscopy can be a useful probe for optical 
diagnostics of ferromagnetic oxides. 
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Phase Control and Magnetic Raman Scattering Study of 
Half-Metallic CrO2 Ultrafine Particles 
 
8.1 Introduction 
Although the study of magnetoresistance in ferromagnets started as early as 
1857 with the measurements of anisotropic magnetoresistance (AMR) in nickel and 
iron by William Thomson [8.1], recent years have witnessed at a tremendous interest 
in magnetotransport phenomena in magnetic oxides. Studies were stimulated by the 
discovery of ‘colossal magnetoresistance’ (CMR) in ferromagnetic perovskites of the 
type La1-xSrxMnO3. The so-called manganites display a rich phase diagram as a 
function of temperature, magnetic field and doping that is due to the intricate interplay 
of charge, spin, orbital and lattice degrees of freedom. CMR is found on a magnetic 
field scale of several tesla, which is not very appealing for applications. Apart from 
the manganites, CrO2, Fe3O4 and Sr2FeMoO6, which are suspected to be half-metallic 
magnets are investigated in view of device applications due to their large 
magnetoresistance ratio in low magnetic fields. 
Chromium oxide, CrO2 has long been of importance in magnetic recording 
and shows unique magnetic properties. Schwarz firstly predicted that CrO2 is a half-
metallic material using self-consistent band structure calculation in 1986 [8.2]. 
Following his work, several experiments have been carried out that suggest the 
existence of half-metallicity in CrO2. Kamper et al. [8.3] used photoemission 
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spectroscopy and Wiesendanper et al. [8.4] reported the vacuum tunnelling 
measurement, while the superconducting point-contact experiments were carried out 
by Soulen et al. [8.5]. With this half-metallic property of nearly 100% spin 
polarization at the Fermi level [8.3-8.5], ferromagnetic CrO2 was expected to be an 
ideal material as electrodes in spin-dependent tunneling devices [8.6] and show an 
extremely large tunneling magnetoresistance (TMR). It has been reported that 
polycrystalline CrO2 thin films can have negative MR of about 13-25% at low 
temperature [8.7, 8.8]. The high MR effect, 30-50%, was found in cold-pressed 
powder samples by Manoharan et al. [8.9] and Coey et al. [8.10]. 
The insulating antiferromagnetic chromium oxide Cr2O3 has a Néel 
temperature of 307 K and is suitable for applications as tunnel junction barriers both 
below and above the Néel temperature [8.10]. Hwang and Cheong reported a 
threefold enhancement of the low-field MR by introducing insulating Cr2O3 as an 
interface tunnel barrier [8.7]. Furnace thermal treatment is the only reported method 
used to introduce insulating Cr2O3, i. e. decomposing CrO2 into Cr2O3. Previous 
studies on CrO2 polycrystalline films reported that oxygen ambient with a few 
hundred bars of oxygen pressure is necessary for decomposition of CrO2 into Cr2O3 
[8.10, 8.11]. This limitation was relaxed for the decomposition of CrO2 powder, and 
the insulating Cr2O3 powder could be prepared by reducing the CrO2 in vacuum at 
500 oC [8.10]. More importantly for technological applications, the relative portion of 
Cr2O3 phase can be controlled by the oxygen partial pressure [8.11]. This indicates 
that the interface tunnel barrier characteristic that determines the magnetotransport 
properties can be directly controlled. 
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Recently, Raman scattering has shown its significant advantages on 
investigating magnetoresistance materials. Li et al. [8.12] studied the giant 
magnetoresistance (GMR) oxide, Fe3O4 by room-temperature magnetic Raman 
scattering. Dediu et al. [8.13] used in-situ low-temperature Raman scattering to 
investigate colossal magnetoresistance (CMR) manganite, Pr0.65Ca0.35MnO3. Raman 
spectroscopy was also employed to study tunneling magnetoresistance (TMR) 
perovskite, Sr2FeMoO6 in our group [8.14]. Among these topics, Raman scattering 
studies on the strong spin-phonon coupling, so called magnetic polaron [8.15, 8.16], is 
most attractive and have contributed significantly to the understanding of electronic 
transport properties in such MR materials. However, few Raman scattering studies 
were carried out to investigate the half-metallic CrO2 [8.17-8.19]. CrO2 is a 
metastable phase [8.11], and it can be decomposed into Cr2O3, which shows strong 
Raman peaks compared with CrO2, by laser beam at a relatively low power [8.20]. 
In this chapter, we present the micro-Raman scattering study on cold-pressed 
half-metallic CrO2 powder compact in the presence of an external magnetic field. 
More importantly, in previous Raman scattering studies [8.21, 8.22], the ambient 
temperature was changed to trigger or enhance spin-phonon coupling. This variation 
of temperature strongly affects the phonon modes by introducing anharmonic effect 
and makes such phonon behaviour more complex [8.21]. In our work, the ambient 
temperature was fixed at room temperature (300 K).  
In the present chapter, an alternative method was also demonstrated that could 
transform CrO2 polycrystalline powder to Cr2O3 in macro and selective micro-regions 
by laser annealing in air ambient. The relative fraction of each phase was controlled 
by adjusting the duration and power of laser irradiation.  
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8.2 Experimental 
Our CrO2 samples were prepared from commercial powders (DuPont, 99.5%) 
used for magnetic recording. CrO2 disks with a diameter of 6 mm and a thickness of 
about 0.9 mm were cold pressed using a hardened steel die under a pressure of 0.5 
GPa. The morphology of the original CrO2 powder was analyzed by scanning 
electronic microscopy (SEM). The phase analysis before and after laser annealing was 
carried out with a D8 ADVANCE X-ray diffractometer (BRUKER ANALYTICAL 
X-RAY SYSTEMS) using glancing angle x-ray diffraction (GAXRD) configuration. 
The magnetic properties, such as coercivity and saturation magnetization of the 
original CrO2 powder were measured using a vibrating sample magnetometer (VSM, 
41719.7 OXFORD INSTRUMENTS). A Spectra-Physics Nd-YAG laser (LAB170) 
operating at a wavelength of 532 nm with approximately 4 ns pulse duration and 10 
Hz repetition rate was used to decompose CrO2 into Cr2O3 in macro regions. The laser 
beam first passed through an aperture and was then directed by a reflecting mirror. 
With the quartz plano-convex lens, the laser beam was focused onto the sample 
surface with a spot size of 5.5 mm in diameter and pulse energy 8.6 mJ, which 
corresponds to an energy density of 36 mJ/cm2. The duration of laser irradiation was 
varied up to 90 s. The phase control of CrO2 in selective micro-regions was realized 
by changing the power of a CW Ar-ion laser with an Olympus microscope 
attachment. The power of laser beam on sample surface was changed between 2 mW 
to 10 mW. The system for Raman measurements is same as described in Chapter 5. In 
order to avoid the decomposition of CrO2 into Cr2O3, the power of the focused laser 
beam on sample surface was limited at 2 mW during Raman measurements. The 
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external magnetic field was varied from zero-field (ZF) to 500 mT while the ambient 
temperature was fixed at 300 K. 
 
8.3 Sample characterization 
 
8.3.1 X-ray analysis 
The XRD pattern of the original CrO2 powder was shown in Fig. 8.1. Only 
well established diffraction peaks of the polycrystalline phase CrO2 [8.23] were 
present and no peaks belonging to Cr2O3 phase [8.23] were observed. This indicates 
that the original CrO2 sample is of high purity and contains no measurable Cr2O3. 
According to Burdett et al.’s study [8.24], CrO2 has a tetragonal unit cell (space group 
P42/mnm) with  and . Following this assignment 
and addressing the diffraction peaks to the tetragonal structure, we obtained the lattice 
parameters of our CrO
o
Aa )4(42193.4= oAc )4(91659.2=
2 powder,  and , which show a 
good agreement with the results in Ref. [8.24]. 
o
Aa 40918.4= oAc 91076.2=
 
8.3.2 Morphology by SEM image 
Transmission electron microscopy (TEM) was performed to characterize the 
morphology and microstructure of single crystal CrO2 particles by Dai et al. [8.25]. 
The needle shape particles with a diameter of around 50 nm were observed. In this 
work the morphology of the CrO2 powder was studied by scanning electron 
microscopy (SEM) and the image was shown in Fig. 8.2. From the SEM micrograph, 
it is clearly seen that the CrO2 powder is composed of rod shape particles. The 
average length and aspect ratio of CrO2 nanorods were also measured to be 300 nm 
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Fig. 8.1 XRD pattern of the original CrO2 powder. Inset shows the detailed XRD 
patterns of pulsed-laser annealed CrO2 powder for various durations. 
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Fig. 8.2 SEM image of the original CrO2 powder 
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 and 8:1 respectively. The orientation of such CrO2 nanorods is random, which is a 
typical property of powder samples. 
 
8.3.3  Magnetic properties 
CrO2 is the simplest of the half-metallic ferromagnets. Within an ionic model, 
Cr4+ (3d2) ions are ferromagnetically ordered, yielding a magnetic moments of Bµ2  
per formula unit [8.26], which was strongly supported by experimental magnetization 
measurements [8.27, 8.28]. In this work, only the room-temperature magnetic Raman 
scattering was carried out. Thus, we focused on the magnetic properties of our CrO2 
powder at room temperature. The hysteresis loop of CrO2 powder was shown in Fig. 
8.3. It is obvious that the CrO2 powder shows ferromagnetic behaviour at room 
temperature (300 K) and the coercivity and saturation magnetization are 86 mT and 
87 emu/g, respectively. 
 
8.4 Magnetic Raman investigation of CrO2 
 
8.4.1 Raman modes assignments 
CrO2 has a rutile structure with P42/mnm space group. Symmetry analysis of 
the zone-center phonons of CrO2 reveals that there are eight normal modes given by, 
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Fig. 8.3 Hysteresis loop of half-metallic CrO2 powder at room temperature (300 K). 
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in which four optic modes are Raman active ( gggg EBBA +++ 211 ) and four are 
infrared active ( ) [8.29]. The atomic motions corresponding to the Raman 
active modes are shown in Fig.8.4. 
uu EA 32 +
 
8.4.2 Spin-phonon coupling in CrO2 powder 
The room-temperature Raman spectra of half-metallic CrO2 powder at zero-
field (ZF) and at a low-magnetic field up to 500 mT were shown in Fig. 8.5. It is seen 
that the room-temperature ZF Raman scattering spectrum is mainly characterized by 
two peaks at 455.4 cm-1 and 573.9 cm-1. Iliev et al. [8.17] performed the first detailed 
Raman scattering study of half-metallic CrO2. Four peaks at 570, 149, 682, and 458 
cm-1 were observed and assigned to A1g, B1g, B2g, and Eg mode, respectively. It is 
obvious that the two peaks presented in our spectra correspond to the vibrational 
modes of Eg and A1g symmetries, respectively. These two Raman-active modes are 
internal phonon modes, involving only vibrations of the oxygen atoms which form the 
sub-lattice CrO6 octahedron (see Fig. 8.4). Upon applying a magnetic field, the 
Raman phonon (Eg mode) parameters: frequency, intensity and linewidth show 
pronounced anomalies. 
In order to study the variation of the Eg mode in the presence of an external 
magnetic field shown in Fig. 8.6, a least-squares fit with Lorentzian line-shape was 
used to fit the Raman peak of the Eg mode. Figure 8.7 shows the fitted full-width-at-
half-maximum (FWHM), peak intensity and position of the Eg mode as a function of 
the applied magnetic field. In the presence of a relatively low-magnetic field (H < 250  
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Fig. 8.4 Main atomic motions in the Raman modes of CrO2 (space group P42/mnm). 
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Fig. 8.5 Magnetic-field dependence of the room-temperature Raman spectra of 
half-metallic CrO2 powder. 
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Fig. 8.6 Detailed Raman spectra of the Eg mode under a magnetic field. The opened-
squares are experimental data and the lines are fitted data using Lorentzian 
line shapes. 
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mT), the frequency and peak intensity of the Eg mode show an obviously monotonic 
increase with increase in the strength of magnetic field while the linewidth decreases 
monotonously. When the applied magnetic field was within the range of 250~500 mT, 
where the CrO2 powder entered the saturation state (see Fig. 8.3), no pronounced 
change of the Raman phonon parameters was observed. 
Three possible physical mechanisms may lead to measurable anomalies of 
Raman phonon parameters or even activation of new Raman mode in a magnetic 
ordering system. The first mechanism is a structure transition. A typical material of 
this kind is cupric oxide CuO [8.30]. Due to the folded-zone from the Z´ point of the 
Brillouin-zone boundary, this material exhibits new Raman-active lines upon entering 
the magnetically ordered state. The second mechanism is the anharmonic effect which 
is involved in all temperature induced magnetic ordering systems. The last one is 
spin-phonon coupling. The first two mechanisms are not active in the present case, 
since the ambient temperature is fixed at 300 K, and to our knowledge, no data on 
low-magnetic field (H ≤ 500 mT) variation of the structure available for cold-pressed 
powder compact CrO2. Thus, it is reasonable to attribute the anomalies of Raman 
mode observed in this work to the spin-phonon coupling. Similar anomalies of Raman 
phonon in half-metallic CrO2 were reported by Iliev et al. [8.17], where anomalous 
broadening of phonon lines, in addition to the broadening induced by the normal 
phonon–phonon scattering (anharmonic decay), was observed when the temperature 
was increased to Tc. This additional broadening was attributed to collective spin 
fluctuations near Tc, which results in spin disorder scattering. In the present work, the 
spin ordering was controlled by an external magnetic field and the degree of spin  
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Fig. 8.7 The parameters of the Eg mode as a function of magnetic field. 
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ordering was measured using Raman spectroscopy via spin–phonon interaction. A 
higher external magnetic field results in a more ordered spin state that in turn gives 
rise to sharper Raman bands. Hence the Raman linewidths will decrease with 
increasing magnetic field. As the temperature was fixed at room temperature in our 
study, our results are free from the anharmonic broadening effect, making spectral 
interpretation simpler and more definitive. Our study complements that of [8.17]. The 
temperature was slightly above Tc in [8.17] and no definite conclusion was drawn 
about the effect of spin on the phonon frequencies. However, in their study of another 
“bad” metal SrRuO3 [8.31], the spin-phonon coupling was investigated in detail. 
According to the above studies, the observed anomalies of the Eg mode in this work 
could be explained as follows. Upon applying an external magnetic field, the 
magnetic ordering of CrO2 is enhanced due to higher degree of spin alignment. This 
magnetic ordering subsequently increases the interaction among the neighboring Cr 
ions. Due to the high sensitivity to the interaction among Cr ions, the Cr-O bond 
length and bond angles in the CrO6 octahedra also change, resulting in change of the 
frequency of Raman modes (Eg mode in this work). The narrowing of the linewidth 
and the increase in peak intensity is direct evidence of increased ordering. In our 
previous magnetic Raman scattering study on spinel CoFe2O4 [8.32], the magnetism-
lattice interaction was demonstrated by the red-shift of the Raman modes. 
 
8.4 Phase control in selective microregions by laser annealing 
 
Figure 8.1 inset shows the detailed XRD patterns of laser-annealed samples 
for various laser irradiation times from 0 to 90 s. A weak and broad peak centered at 
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2θ angle of about 33.4o was observed in the XRD trace of the 5 s laser-annealed 
sample. This peak grew stronger with increase in anneal duration, and was assigned to 
the (104) plane of Cr2O3 [8.33]. Our micro-Raman scattering study discussed below 
strongly supported this assignment and also identified the second phase as Cr2O3. 
When the original CrO2 sample was subjected to a laser annealing for 30 s, the broad 
diffraction peak was greatly strengthened and became obvious. The appearance of the 
Cr2O3 diffraction peak demonstrates that the decomposition of half-metallic CrO2 into 
insulating Cr2O3 can be triggered by laser annealing. Upon laser annealing for 90 s, 
the Cr2O3 diffraction peak was well established. Estimation of the normalized 
intensity of the XRD peaks [8.33] shown in Fig. 8.1 inset indicates that increasing the 
laser irradiation time under a fixed laser power density can dramatically increase the 
relative fraction of the Cr2O3 phase. 
In comparison with the XRD results, the Raman spectrum (Fig. 8.8) of 5 s 
laser-annealed sample shows a sharp peak centered at 549 cm-1, which corresponds to 
the A1g mode of Cr2O3 [8.34]. Since the A1g Raman peak of Cr2O3 is strong, Raman 
spectroscopy provides higher sensitivity compared with XRD [8.35]. With a spatial 
resolution of about 0.5 micrometer, Raman spectroscopy is also advantageous in 
characterizing patterned samples with small features. Another Raman mode, the Eg 
mode [8.34] of Cr2O3 at 303 cm-1 appeared after 30 s laser annealing. Upon 90 s laser 
annealing, both the Eg and A1g modes belonging to the Cr2O3 were further 
strengthened and well established, implying the increased amount of Cr2O3. Our 
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Fig. 8.8 Raman spectra of the samples before and after pulsed-laser annealing. 
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showing that the decomposition of the half-metallic CrO2 into the insulating Cr2O3 
can be triggered by laser annealing in air ambient and the relative fraction of each 
phase depends on the laser irradiation time. 
The decomposition of CrO2 into Cr2O3 in selective micro-region was studied 
by SEM and micro-Raman scattering in this work. As shown in Fig. 8.9a, upon 
scanning a CW laser of 6 mW power, a line about 12 µm in width was clearly 
observed. The obvious difference, the round grain boundary and the appearance of 
spherical particles shown in Fig. 8.9b compared with the rod-shaped morphology of 
the original CrO2 powder (Fig. 8.2) implies that a second phase may be formed under 
this condition. After laser annealing at a higher power (10 mW), as shown in Fig. 
8.9c, the rod-shaped CrO2 particles were almost completely transformed into spherical 
particles expected for Cr2O3 [8.33]. 
The Raman spectra of the corresponding selective micro-regions are similar to 
the Raman scattering results derived from pulsed-laser annealing in macro-regions, 
whereas no CrO2 phase was observed upon laser annealing with 10 mW laser power 
(SEM image shown in Fig. 8.9c). The appearance, subsequent development and 
finally the establishment of pure Cr2O3 spectrum demonstrate the ability of laser 
annealing in controlling the fraction of CrO2/Cr2O3 phase. 
 
8.6 Conclusions 
An inelastic light-scattering study on the half-metallic CrO2 powder was 
performed in a low-magnetic field at a fixed temperature (300 K). The Eg mode of 
CrO2 powder showed pronounced dependence on the applied external magnetic field, 
and the changes of Raman phonon parameters were attributed to the spin-phonon  
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Fig. 8.9 SEM images of the selectively laser-annealed micro-region of CrO2 powder 
with laser power of (a), (b) 6 mW and (c) 10 mW. 
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coupling induced by magnetic field-enhanced magnetic ordering. The results of this 
work demonstrate that Raman scattering, especially magnetic Raman scattering could 
be an effective tool for the understanding of the novel TMR material CrO2. 
Phase control of half-metallic CrO2 powder in macro and micro-regions has 
been successfully realized by laser annealing in air ambient. The ability to control the 
relative fraction of CrO2 and Cr2O3 phases with the laser irradiation time and power 
indicates that optical lithography is a potential method to directly control the 
magnetotransport properties which are determined by the interface tunnel barrier, 
Cr2O3 in this work. The study on laser-induced phase control of CrO2 polycrystalline 
film, in selective area of micro/nano in size, is in process. This opens a new approach 
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